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 This dissertation is composed of three papers that apply geologic mapping, whole rock 
geochemical and isotopic analysis, and mineral chemistry to describe two large, long-lived (~6 
million years), and compositionally heterogeneous volcanic fields and posit sources of the rock 
types present in each. These fields are the McCullough Range in southern Nevada, which was a 
locus of volcanic activity from ~19 – 12 Ma and the Black Rock Desert volcanic field in west-
central Utah, which began forming at ~6 Ma and is still active today, with the most recent 
eruption occurring ~720 years ago. 
 Chapter Two is composed of a paper summarizing the physical and chemical properties 
of the Black Rock Desert (BRD) and Markagunt Plateau (MP) volcanic fields in Utah. Both the 
BRD and MP volcanic fields have been active for about 6 million years and are composed of 
similar rock types. In the last 2.5 million years, volcanoes in both the BRD and MP fields 
erupted tholeiitic basalts and calc-alkaline intermediate rocks. Comparing and contrasting the 
chemical attributes of the two volcanic fields led to the conclusion that despite differences in 
the amount of crustal extension, subalkaline rocks in both volcanic fields are both common and 
share common petrogenetic histories. 
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 Chapter Three is a detailed study of a subfield of the BRD volcanic field: the ca. 2.7 – 2.1 
Ma Twin Peaks volcanic field. The paper presents the results of detailed mapping and extensive 
sampling, and utilizes both whole rock and mineral chemistry to propose a basic petrogenetic 
model for the formation and evolution of the Twin Peaks caldera. Two major conclusions came 
from this study: 1) the Twin Peaks caldera was produced in a similar fashion to the 1912 
Novarupta-Katmai eruption in Alaska, in that the earliest eruptions, including those that 
formed the Twin Peaks caldera, occurred ~10 km west of the actual location of the caldera itself. 
2) The range in compositions and order of eruptions for the first episode was the product of 
partially emptying a zoned magma chamber with rhyolite at the top and basalt at the bottom of 
the erupted portion. 
 Chapter Four is focused on the lower to middle Miocene strata of the McCullough 
Range volcanic field. Located along the western margin of the northern Colorado River 
extensional corridor (NCREC), the McCullough Range volcanic field has two attributes which 
make it ideally suited for detailed geochemical study: 1) it was active prior to and during large 
magnitude extension in the central Basin and Range Province; and, 2) it is tilted but not as 
highly extended or altered as volcanic fields within the NCREC itself. The major findings of this 
study include the discovery of the pre-extensional Enigma stratovolcano. The Enigma Volcano is 
comprised of a chemically enriched lower portion and of a calc-alkaline upper portion. Detailed 
mapping and chemistry suggested that volcanic rocks formed during early magmatic activity in 
the NCREC obtained their chemical enrichments (high volatiles, P, Zr, Sr, Ba, and LREE) from 
partial melting of a melt-metasomatized and subduction-modified sub-continental lithospheric 
mantle. In contrast to the early activity, later pre-extensional NCREC volcanism, typified by the 
upper Enigma Volcano, was the typical calc-alkaline intermediate composition associated with 
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CHAPTER ONE:  
DISSERTATION OVERVIEW 
 This dissertation is composed of three papers that apply geologic mapping, 
whole rock geochemical and isotopic analysis, and mineral chemistry to describe two 
large, long-lived (~6 million years), and compositionally heterogeneous volcanic fields 
and posit sources of the rock types present in each. These fields are the McCullough 
Range in southern Nevada, which was a locus of volcanic activity from ~19 – 12 Ma and 
the Black Rock Desert volcanic field in west-central Utah, which began forming at ~6 Ma 
and is still active today, with the most recent eruption occurring ~720 years ago. 
Despite the significant gap in age of the volcanic fields, the unifying feature of the 
McCullough Range and Black Rock Desert volcanic fields is that both have produced 
significant volumes of subalkaline rocks. In the case of the McCullough Range, 
subalkaline eruptions occurred during a period of regional pre-extensional magmatism 
and their evolution was typically attributed to magma mixing and contamination of 
mantle-derived basalts with continental crustal material. However, the subalkaline 
affinity of volcanic rocks in Black Rock Desert field, a present-day feature of the eastern 
Basin and Range Province (BRP), is atypical of similar-age volcanic fields elsewhere in 
the Basin and Range, which are usually alkaline.  
 Because of their broadly similar compositions, their presence in the easternmost 
BRP, and their temporal correlation to the onset (the McCullough Range) and waning 
(Black Rock Desert) of BRP extension, the original objective of this project was to 
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investigate how the petrogenetic processes change as a continental rift, specifically the 
easternmost BRP in southern Nevada and western Utah, evolved. The objective of the 
project shifted over time as it became clear that the processes responsible for producing 
calc-alkaline and tholeiitic volcanoes are the same regardless of tectonic regime, crustal 
thicknesses, or composition of the lithosphere. The following paragraphs outline the 
organization of the dissertation and describe major observations and conclusions. 
 Chapter Two is composed of a paper summarizing the physical and chemical 
properties of the Black Rock Desert and Markagunt Plateau volcanic fields in Utah and 
was published in October, 2010, by the Utah Geological Association (Publication 39). 
The paper was co-authored by Bob Biek of the Utah Geological Survey, and by Dr. 
Eugene Smith of UNLV. Both the Black Rock Desert and Markagunt Plateau volcanic 
fields have been active for about the same amount of time (6.3 and 5.3 million years, 
respectively) and are composed of similar rock types, even though they are located in 
two different areas; Black Rock Desert in the Pahvant Valley at the eastern margin of 
the BRP and the Markagunt Plateau within the High Plateaus or Utah Transition Zone. 
Both volcanic fields have produced dominantly subalkaline rock types, including both 
tholeiitic and calc-alkaline eruptive products, although early eruptions of the 
Markagunt Plateau volcanic field were almost exclusively alkali basalts. In the last 2.5 
million years, volcanoes in both the Black Rock Desert and Markagunt Plateau fields 
erupted tholeiitic basalts and calc-alkaline intermediate rocks. Comparing and 
contrasting the chemical attributes of the two volcanic fields led to the conclusion that 
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despite differences in the amount of crustal extension, subalkaline rocks in both 
volcanic fields are both common and share common petrogenetic histories. 
 Chapter Three is a detailed study of a subfield of the Black Rock Desert volcanic 
field: the ca. 2.7 – 2.1 Ma Twin Peaks volcanic field, and was published by the Utah 
Geological Association (Publication 43) in September, 2014. Other authors are Dr. 
Eugene Smith and Dr. J. Douglas Walker of the University of Kansas. Until the 
formation of the Twin Peaks volcanic field, eruptions in Black Rock Desert had been 
sporadic and restrained geographically to the northernmost subfield, the Fumarole 
Butte volcanic field (see chapter two for more information). Twin Peaks eruptions 
marked the onset of nearly continuous activity in Black Rock Desert. The Twin Peaks 
volcanic field is unique in that it is composed of rhyolite domes, flows, ash-flow tuffs, 
and andesite to basalt cinder cones and flows. The fact that it also contains 
geographically restricted freshwater limestone and locally-derived volcaniclastic 
deposits, exposed in a domal uplift known as the Cove Creek Dome, suggested that the 
Twin Peaks volcanic field is at least in part a product of a caldera-forming event, which 
is a rarity at this point in the evolution of the BRP. The paper presents detailed 
mapping, extensive sampling, and utilizes both whole rock and mineral chemistry to 
propose a basic petrogenetic model for the formation and evolution of the Twin Peaks 
caldera. The major conclusions of the study are that the Twin Peaks volcanic field 
formed in two eruptive episodes. The first episode began with the formation of an 
arcuate-shaped low-silica rhyolite dome complex, continued with the formation of a ~ 
10 x 12 km and > 100 m deep caldera and the synchronous deposition of the Cudahy 
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Mine high-silica rhyolite ash-flow tuff and subsequent rhyolite dome emplacement, and 
culminated in the eruption of several andesite to basalt flows. Caldera resurgence 
occurred with the formation of the Cove Creek dome, which tilted the rhyolites, basalts, 
and intracaldera sediments of the first eruptive episode. The second episode 
commenced with the formation of several large rhyolite domes, the North and South 
Twin Peaks. The final eruptions at Twin Peaks produced a composite cinder cone from 
which andesite, basaltic andesite, and basalts erupted and flowed around the tilted 
strata of episode 1.  
Two major conclusions came from this study. The first is that the Twin Peaks 
caldera was produced in a similar fashion to the 1912 Novarupta-Katmai eruption in 
Alaska (Hildreth and Fierstein, 2000), in that the earliest eruptions, including those 
that formed the Twin Peaks caldera, occurred ~10 km west of the actual location of the 
caldera itself. The second conclusion is that the range in compositions and order of 
eruptions for the first episode was the product of partially emptying a zoned magma 
chamber with rhyolite at the top and basalt at the bottom of the erupted portion. The 
zoned magma chamber was not the product of fractional crystallization or crystal 
settling of a single large magma as suggested for other zoned magma chambers by 
Hildreth (1981), but instead the product of magma mixing and mingling of end-
member basalt and rhyolite parent material. This conclusion is supported by the widely 
variable isotopic compositions of Twin Peaks rocks as well as by mineral chemistry.  
 Switching field areas to southern Nevada, Chapter Four is focused on the lower 
to middle Miocene strata of the (informally named) McCullough Range volcanic field, 
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and is being prepared for submission to the Geological Society of America digital 
journal, Geosphere. Co-authors of this manuscript include Dr. Eugene Smith and Dr. 
Minghua Ren of UNLV and Dr. J. Douglas Walker of the University of Kansas. Located 
along the western margin of the highly extended northern Colorado River extensional 
corridor (NCREC), a sub-province near the eastern margin of the central BRP, the 
McCullough Range volcanic field has two attributes which make it ideally suited for 
detailed geochemical study: 1) it contains a record of over six million years of magmatic 
activity, spanning the period prior to large magnitude upper crustal extension in the 
central BRP through the major phase of extension in the area; and, 2) being located at 
the western margin of the NCREC, it is tilted but not as highly extended or altered as 
volcanic fields within the NCREC itself. Therefore, in the McCullough Range, there is 
excellent preservation of entire volcanic sections. Importantly, nearly 1.5 kilometers of 
the oldest pre-extensional magmatic activity is preserved at the base of the volcanic 
pile, providing the opportunity to study in detail the nature of the mantle and the 
processes responsible for magmatism prior to the onset of Miocene extension. The 
major findings of this study include the discovery of the Enigma stratovolcano, which is 
more dismembered than other volcanoes in the McCullough Range. Presently located in 
both the Lucy Gray and McCullough mountain ranges, the Enigma Volcano is comprised 
of a chemically enriched, dominantly mafic, lower portion, informally named the Lucy 
Gray volcanic section for its type locality, and of a calc-alkaline, dominantly 
intermediate composition, upper portion called the Eldorado Valley volcanic section 
(Schmidt, 1987). Detailed mapping, sampling, and both whole rock and single crystal 
6 
 
chemistry, along with comparison to other pre-extensional volcanoes located in the 
NCREC, suggested that volcanic rocks formed during early magmatic activity in the 
lower Enigma Volcano and in the NCREC obtained their chemical enrichments (high 
volatiles, P, Zr, Sr, Ba, and light rare earth elements) from partial melting of a melt-
metasomatized and subduction-modified sub-continental lithospheric mantle (SCLM). 
In contrast to the early activity, later pre-extensional volcanism, typified by the upper 
Enigma Volcano and present elsewhere in the NCREC, was the typical calc-alkaline 
intermediate composition associated with the early phases of extensional activity in the 
rest of the BRP (Christiansen and Lipman, 1972). Rather than being the result of the 
tectonic transition from subduction to extension, we concluded that the change in 
composition between the lower and upper Enigma Volcano was due to first melting a 
volatile- and incompatible element-enriched SCLM, forming the lower Enigma Volcano, 
and then the depletion of fusible material from this source, which led to the volatile-
poor SCLM magmas of the upper Enigma Volcano stalling in the crust and forming 
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ABSTRACT 
 Recent volcanism in the Black Rock Desert and Markagunt Plateau volcanic 
fields in south-central Utah is mainly subalkaline; a type of volcanism uncommon at 
this time elsewhere in the Basin and Range Province. The Black Rock Desert volcanic 
field (BRD) is composed of five subfields and spans about 170 km along the eastern 
margin of the Basin and Range in Utah. The subfields are: (1) Cove Fort, (2) Twin Peaks, 
(3) Beaver Ridge, (4) Ice Springs, and (5) Fumarole Butte. Although volcanism in BRD 
began in the late Miocene, about 6 m.y. ago, most activity occurred in the past 2.5 
million years. BRD is composed of a tholeiitic suite ranging in composition from basalt 
to dacite, and calc-alkaline andesite, dacite, and rhyolite. During the 6 m.y. life of the 
field, alkali basalts erupted only rarely and comprise no more than three flows. The 
Markagunt Plateau volcanic field (MP) is located east of Cedar City at the south end of 
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the High Plateaus physiographic province (a structural and stratigraphic transition zone 
between the Basin and Range Province to the west and the Colorado Plateau to the east) 
and has been active since the earliest Pliocene, with the most recent eruptions occurring 
in latest Pleistocene or possibly Holocene time. It contains over 25 cinder cones and 
associated flows. Flows vary in composition from calc-alkaline basalt, basaltic andesite, 
and andesite, to olivine tholeiite and alkali basalt. 
One of the most puzzling attributes of MP and BRD, and of volcanic fields in 
western Utah in general, is the presence of abundant subalkaline volcanic units. In most 
other volcanic fields in an intraplate tectonic setting, and in particular in the Basin and 
Range Province, alkali basalt is the dominant eruptive product with little, if any, calc-
alkaline intermediate or silicic rocks. The chemical characteristics of both BRD and MP, 
while unlike typical intraplate volcanism, are similar to those of continental rift zones 
like the Rio Grande Rift on the east side of the Colorado Plateau. We suggest that recent 
subalkaline volcanism at the western margin of the Basin and Range Province may be 
signaling the initiation of a rift along the western margin of the Colorado Plateau, 
similar to the Rio Grande Rift. Alternatively, these chemical signatures could simply be 
a characteristic of volcanism at, or near, the margins of the Colorado Plateau. 
INTRODUCTION 
 Recent volcanism in the Black Rock Desert (BRD) and Markagunt Plateau (MP) 
volcanic fields in south-central Utah occurs in an intraplate tectonic setting. Restricted 
to the interior of oceanic and continental plates, intraplate volcanism is not associated 
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with subduction or mantle plumes. Commonly, volcanism in intraplate fields takes 
place in one area over long periods of time and is usually characterized by the eruption 
of alkali basalt (basalt with high Na2O + K2O content). On continents, calc-alkaline and 
tholeiitic volcanism are also common, but neither is usually associated with an 
intraplate setting. Calc-alkaline [volcanic rocks with low Na2O + K2O content 
(subalkaline) and no iron enrichment] volcanism is traditionally restricted to 
subduction-related magmatism. Tholeiitic rocks (subalkaline volcanic rocks showing 
iron enrichment) mainly form in continental rift zones, in flood basalt provinces, and 
occasionally as isolated volcanoes in alkalic volcanic fields. As expected, Pliocene to 
Holocene volcanism in the intraplate setting of the Basin and Range Province is mainly 
alkalic. However, prior to and during Miocene extension, calc-alkaline and bimodal 
basalt-rhyolite magma compositions were common and it was not until after the major 
phase of extension (late Miocene) that small-volume alkali basalt became the dominant 
eruptive product (Christiansen and Lipman, 1972; Eaton, 1982; Fitton et al., 1988; 
Fitton et al., 1991). Surprisingly, several Pliocene-Holocene volcanic fields near the 
eastern margin of the Basin and Range Province in Utah exhibit characteristics of pre-
extensional volcanism. Alkali basalt exists, but so do significant volumes of 
intermediate calc-alkaline rocks and tholeiitic basalt. In this paper, we explore the 
possible mechanisms for producing intermediate calc-alkaline and tholeiitic rocks in the 
highly extended Basin and Range Province and the adjacent transition zone at a time 
when, according to traditional models, these rock types should not be present. These 
mechanisms include crustal contamination and assimilation into rising basaltic magma, 
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mixing of a crustal reservoir with a more mafic one, and partial melting of lithospheric 
mantle. Although several Pliocene-Pleistocene volcanic fields in south-central Utah 
exhibit these chemical characteristics, we selected two of these fields for study: BRD and 
MP (Figure2-1). 
 Black Rock Desert is located entirely within the Basin and Range Province, a 
wide (~500 km) continental rift zone characterized by approximately north-south 
striking normal faults that create horsts and grabens (hence, “Basin and Range”), high 
heat flow, and thinned crust and lithosphere. The BRD is composed of several subfields 
and spans about 170 km along the eastern margin of the Basin and Range Province, 
from Cove Fort to 50 km north of Delta, Utah (Figure 2-1). Although volcanism began 
here at about 6 Ma, most activity has occurred in the past 2.5 million years (plate 2). 
BRD is composed of a tholeiitic suite ranging in composition from basalt to dacite, and 
calc-alkaline andesite, dacite, and rhyolite (figure 4). During the 6 m.y. life of the field, 
alkali basalts occur only rarely and comprise no more than three flows. 
MP is the southernmost of the High Plateaus, which collectively form a 
structural and stratigraphic transition zone between the Basin and Range Province to 
the west and the Colorado Plateau to the east. The MP itself is a gently east-tilted, 60-
100-km-wide structural block bounded on the east by the Sevier fault zone and on the 
west by the Hurricane-Paragonah fault zone. This transition zone exhibits physical 
properties of both physiographic provinces: the limited degree of structural disruption 
is characteristic of the Colorado Plateau, but high heat flow, high upper mantle seismic 
velocities, and the relatively thin lithosphere are similar to the Basin and Range 
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Province. The MP (Figure 2-1) has been active mostly since late Pliocene, with the most 
recent eruptions occurring in latest Quaternary to possibly mid-Holocene time (Biek et 
al., 2009). The field contains over 25 cinder cones and associated flows. Flows vary in 
composition from calc-alkaline basalt, basaltic andesite, and andesite, to olivine 
tholeiite and alkali basalt (plate 1; figure 3). 
BRD and MP are ideal for comparing magmatic evolution in the Basin and Range 
Province and adjacent transition zone due to their similar ages (<6 Ma), eruptive 
history, and composition. Each field is well studied, although much of the work on BRD 
was completed prior to the mid-1980s. In order to better understand the origin of 
intraplate subalkaline volcanic rocks, we describe and compare the geologic history and 
geochemistry of both the BRD and MP, as well as discuss possible source regions (e.g., 
lithospheric mantle, asthenospheric mantle) for the mafic units in both fields. 
GEOLOGIC BACKGROUND 
Markagunt Plateau Volcanic Field 
 The Miocene to possibly Holocene MP is located within the transition zone at 
the south edge of the High Plateaus physiographic province (Figure 2-1). The volcanic 
section lies on a basement composed of:  1) Upper Cretaceous coastal plain and 
marginal marine strata deposited in a foreland basin east of the Sevier orogenic belt, 2) 
fluvial, floodlain, and lacustrine strata of the Paleocene to Eocene Claron Formation, 3) 
tuffaceous volcaniclastic strata of the upper Eocene to lower Oligocene Brian Head 
Formation, 4) regional ash flow tuffs derived from the Oligocene Indian Peak and 
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Caliente caldera complexes in eastern Nevada and western Utah, and 5) the Markagunt 
Megabreccia, a structurally chaotic assemblage of Miocene and Oligocene regional ash-
flow tuff, local volcanic rock, and lesser sedimentary strata. 
 Pliocene to Quaternary volcanism on the Markagunt Plateau (plate 1) resulted in 
the formation of more than 25 vents and associated flows, most of them mafic (Biek et 
al., 2009). We divide the MP into three age-based groups. The oldest (Group I), latest 
Miocene to Pliocene basalt, encompasses six alkali and two tholeiitic basalt centers 
(here, “center” or “volcanic center” is meant to encompass both vents and flows) that 
erupted around the margins of the Markagunt Plateau from 5.3 to 2.8 Ma (Figure 2-2a). 
These centers are marked by deeply eroded cinder cones and flow remnants located high 
above current base level of local streams. The middle group (Group II) consists of lower 
to middle Pleistocene alkaline and tholeiitic basalt and calc-alkaline andesite that 
erupted mainly in the southern half of the field and along the Sevier fault from 0.8 to 
0.5 Ma (Figure 2-2b). Cinder cones and lava flows related to this age group are 
moderately incised and the flows commonly form inverted valleys. The youngest group 
(Group III) consists of middle Pleistocene to Holocene basalt, basaltic andesite, and 
andesite. Only one flow in this group, the Lake Hollow basalt, is alkalic; all other centers 
are calc-alkaline and tholeiitic (Figure 2-2c). 
 Chemical attributes for MP centers are shown in figure 3. In general, all flows in 
MP older than middle Pleistocene (Groups I and II) are basalt or trachybasalt (figure 
3a).  More evolved compositions (basaltic andesite, andesite, and latite) first appeared 
in the MP at about 0.5 Ma (Red Canyon andesite, located on the Sevier fault). Of the 15 
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transitional or alkaline flows (figure 3b), 14 flows are located around the margins of 
MP, and all of them erupted prior to about 0.5 Ma (plate 1). Subalkaline flows comprise 
over half of the eruptions, most of which are calc-alkaline (figure 3c). What is intriguing 
about these flows is that most of the calc-alkaline rocks and the more silicic 
compositions occur in the youngest group (Group III). This is opposite to the pattern 
found in many volcanic fields in the western U.S., where calc-alkaline activity is 
ordinarily followed by the eruption of basalt. Tholeiitic basalt occurs in only three flows 
throughout the eruptive history of MP, although just one flow can be traced back to its 
eruptive center; all other flows crop out around the periphery of calc-alkaline basalt 
centers (plate 1). 
Group I:  latest Miocene to Pliocene basalt (Figure 2-2a) 
All but one of the eruptions in Group I are coeval and mark the initiation of late 
Tertiary mafic volcanism in the MP. Volcanism commenced at about 5.3 Ma (Table 2-1) 
with the formation of the Dickinson Hill cinder cone and associated basalt flows and the 
Houston Mountain basalt flows (Biek et al., 2009). The vent area for the Dickinson Hill 
basalt is marked by a highly eroded cinder cone and is located along the eastern margin 
of the field, south of Panguitch (plate 1). Dickinson Hill basalt is alkaline (figure 3b) and 
contains phenocryst clusters of olivine and clinopyroxene. The Houston Mountain 
flows occur only as isolated remnants in the western part of the field; they erupted from 
an unknown source now likely concealed by younger lava flows to the west (Biek and 
others, 2009). One of the Houston Mountain flow remnants, containing phenocryst 
clusters of olivine and clinopyroxene, is alkaline; the other two flow remnants are 
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transitional between alkaline and tholeiitic compositions and contain olivine, 
clinopyroxene, and plagioclase phenocrysts. 
 The Rock Canyon basalt cinder cone and associated flow is undated, but it is 
likely coeval with the nearby Dickinson Hill basalt based on its similar degree of 
incision. This alkali basalt center erupted near the eastern margin of MP and is 
composed of a highly eroded cinder cone and olivine-, clinopyroxene-, and plagioclase-
bearing basalt flows. 
 The Red Canyon alkali basalt flows, exposed along the Sevier fault east of the 
Dickinson Hill and Rock Canyon basalt centers, were dated at 4.94-4.98 Ma by Lund et 
al. (2008), and contain phenocrysts of olivine and clinopyroxene. The Red Canyon flows 
are chemically and petrographically similar to the Rock Canyon alkali basalt. Although 
their source is unknown, based on overlapping ages (Table 2-1), proximity, and 
petrographic and chemical similarities, the Red Canyon basalt may have erupted from 
the Rock Canyon basalt center. A small flow remnant, The Pass, crops out just east of 
Panguitch Lake, but its correlation is uncertain; it may be a distal part of the Houston 
Mountain flows. 
 The Sidney Peaks tholeiitic basalt is likely Pliocene in age based on its degree of 
erosion. It erupted from a vent near Brian Head Peak at the northwestern boundary of 
the field (Figure 2-2a). Lava blocks set in a matrix of cemented scoria cut by dikes now 




 A conspicuous gap in eruptions took place between 5 Ma and 2.78 Ma. This 
quiescence was followed by the eruption of the Blue Spring Mountain alkali basalt 
cinder cone and associated flows (Stowell, 2006). The Blue Spring Mountain cinder cone 
is highly eroded and the flows contain phenocrysts of clinopyroxene and olivine. 
Group II:  lower to middle Pleistocene basalt and andesite (Figure 2-2b) 
 Nine units that erupted during the lower to middle Pleistocene belong to Group 
II. After another conspicuous period of quiescence from about 2.8 to 0.75 Ma, 
volcanism resumed at the southwestern margin of the MP with the eruption of the 
Horse Knoll (located south of the mapped area) and Upper Bear Springs alkali-olivine 
basalt cinder cones and flows (Sable and Hereford, 2004; Biek and Hylland, 2007; 
Doelling, 2008; Biek et al., 2009). 
 At 0.6 Ma (Stowell, 2006), the Long Flat basalt flows erupted from cinder cones 
about 5 km east of Brian Head peak; based on a similar degree of incision, the nearby 
Hancock Peak basalt flows may also be about the same age. Each of these centers 
produced two chemically distinct alkali basalt flows, one that contains 48 wt. % SiO2 
and another with 51 wt. % SiO2. The Long Flat flows erupted from two vents that 
appear to have been modified by glaciation during the Pinedale and/or Bull Lake 
advances (Biek et al., 2009). 
 Several eruptions occurred at around 0.5 Ma, mostly in the southern half of the 
field (Figure 2-2b). These include the Asay Knoll, Bowers Knoll, Strawberry Knolls, and 
Cooper Knoll volcanic centers. The 0.52 Ma (Best et al., 1980) Asay Knoll alkali basalt 
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cinder cone and associated flow contains phenocrysts of olivine and clinopyroxene. The 
Bowers Knoll basalt may be comprised of two chemically and petrographically distinct 
units, alkali olivine-clinopyroxene-plagioclase basalt and diabasic olivine-plagioclase 
tholeiitic basalt, but we are currently uncertain if we correctly mapped and correlated 
this flow. Alkali basalt flows are associated with the Bowers Knoll cinder cone, while 
tholeiitic basalt flows comprise the walls of the Mammoth Cave and Bowers Cave lava 
tubes. The tholeiitic basalt is chemically and petrographically similar to the overlying 
Duck Creek basalt (described below), and may be correlative to this unit rather than to 
Bowers Knoll as inferred by Biek et al. (2009). The Strawberry Knolls alkali basalt flow 
erupted from two cinder cones east of Duck Creek Village and contains olivine and 
clinopyroxene. The Cooper Knoll basalt flow and cinder cone, located just southeast of 
Panguitch Lake (Figure 2-2b), lies well north of the other centers of its age group. This 
calc-alkaline flow contains olivine, plagioclase, and clinopyroxene. Contemporaneous 
with Group II basalt was the eruption of an andesite (56 wt. % SiO2) cinder cone (?) and 
latite (60 wt. % SiO2; high end of silica concentrations for the andesite field on a LeBas 
diagram, before they begin transitioning into dacite) flow on the Sevier fault at Red 
Canyon. These flows contain plagioclase and clinopyroxene.  
The East Fork Deep Creek alkali-olivine basalt flows erupted from a vent just 
west of Navajo Lake (Figure 2-2b) that is now represented by a highly eroded cinder 
cone. The center is estimated to be about 0.3 Ma; the associated cone is deeply eroded 
due to its position at the western escarpment of the Markagunt Plateau. The distal, 
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southern end of this flow was previously mapped as the Three Creeks lava flow (Biek 
and Hylland, 2007). 
Group III:  middle Pleistocene to Holocene basalt, basaltic andesite, and 
andesite (Figure 2-2c) 
 Group III rocks represent the youngest eruptive events on the Markagunt 
Plateau, with some eruptions possibly occurring in the early to middle Holocene. 
Because of the relatively young age of Group III rocks, traditional radiometric dating is 
not reliable. Relative ages of the flows are based on crosscutting relationships and the 
degree of incision. This group is unique in that all centers except one are subalkaline 
and many are andesitic (figure 3a). Most of the cinder cones in Group III are well 
preserved and several of the flows are only sparsely vegetated. 
 The Lake Hollow basalt is the only alkaline center in Group III and, although it 
follows the same lineament as the Henrie Knolls cinder cones (discussed below), its 
distinct chemistry suggests that it is an older feature related to the Group II centers. 
The flow associated with Lake Hollow is small (Figure 2-2c) and contains glomerocrysts 
of olivine and clinopyroxene. 
 Duck Creek flows are tholeiitic and contain equal amounts of plagioclase and 
olivine phenocrysts. These flows crop out at the southern margin of the field, near 
Navajo Lake (Figure 2-2c) and commonly contain long lava tubes. The age of the Duck 
Creek flows is unknown, but the flows cover portions of the Bowers Knoll flow and are 
locally overlain by the Henrie Knolls flows. If the eastern, distal end of the Bowers Knoll 
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flow is in fact the Duck Creek flow, then incision there suggests that the Duck Creek 
flows are about 0.5 Ma. The vent area for the Duck Creek flows has not been located. 
Their chemical and petrographic similarity to some of the marginal flows of the Henrie 
Knolls centers suggests that the Duck Creek flows may be related to early eruptions 
from the Henrie Knolls centers. Alternatively, the Henrie Knolls flows may have covered 
the Duck Creek vent area. Another possibility is that the vent area may lie within the 
Midway Creek or Horse Pasture eruptive centers. 
 The Midway Creek, Deer Valley, and Horse Pasture cinder cones are aligned 
along a northeast-trending normal fault of small displacement. Flows associated with 
these cones are short, blocky, and populated with phenocrysts of olivine and 
clinopyroxene. The centers are closely related spatially; however, the Horse Pasture 
basalt is tholeiitic, whereas Deer Valley and Midway Creek basalts are transitional 
between calc-alkaline and tholeiitic (figure 3c). These flows are overlain by the late 
Pleistocene (Biek et al., 2009) to Holocene (Moore et al., 2004) Navajo Lake basaltic 
andesite flow. 
 The Henrie Knolls basalt flows erupted from a spectacular chain of at least 20 
cinder cones aligned along a northeast-trending lineament. Flows associated with these 
vents are difficult to separate and, as a result, there is more chemical variability 
recorded in these flows than in other units in the MP. For the most part, the flows are 
calc-alkaline and contain only olivine and clinopyroxene. However, the margins of the 
flows are locally tholeiitic and contain olivine and plagioclase. To add to the complexity 
of the Henrie Knolls center, basaltic andesite flows erupted from the northernmost 
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cones. The flow yielded a low-precision 40Ar/39Ar age of 0.058 ± 0.035 Ma (Biek et al., 
2009); it is probably late Pleistocene because the north end of the flow complex is 
incised by Tommy Creek and capped by high-level stream-terrace deposits assumed to 
be of late Pleistocene age (Biek et al., 2007). 
The Red Desert and Navajo Lake units are undated, but are estimated to be late 
Pleistocene (Biek and others, 2009) to Holocene (Moore and others, 2004) in age. Both 
of these units are calc-alkaline basaltic andesite to basaltic trachyandesite and contain 
phenocrysts of olivine, clinopyroxene, and sparse plagioclase. Cinder cones are well 
preserved but highly vegetated. The Red Desert flow is locally covered with vegetation, 
but the Navajo Lake flow is sparsely vegetated except at its margins. This relationship 
implies that Navajo Lake flows are slightly younger than Red Desert flows. 
 Miller Knoll, with a preliminary 3He cosmogenic exposure age of 36 to 38 ka 
(Dave Marchetti, Western State College of Colorado, written communication, August 
2009), is one of the youngest volcanic centers in the field. The Miller Knoll vent is 
complex, with three satellite vents around the main cone. Miller Knoll flows are calc-
alkaline and are almost entirely unvegetated. We divided the flows into three flow units 
based on morphology and chemistry. The oldest of the three flows is basaltic andesite, 
similar to the Navajo Lake flow, and contains abundant phenocrysts of olivine, 
plagioclase, and clinopyroxene. The middle flow, which yielded the 36 to 38 ka exposure 
age, is the longest and most voluminous, flowing south down Black Rock Valley (Figure 
2-2c) for over six km. It is basaltic trachyandesite in composition and contains 
abundant olivine and clinopyroxene, with lesser amounts of plagioclase. The youngest 
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unit of the Miller Knoll center is latite and may be early to middle Holocene in age. This 
unit is chemically similar to the nearby Panguitch Lake flow and contains only small 
plagioclase phenocrysts set in a glassy matrix. 
 The Dry Valley flow is a calc-alkaline latite with abundant hornblende 
phenocrysts and some olivine. It has a blocky top with steep flow fronts up to 35 m 
high. Flow patterns suggest that the Dry Valley flow erupted from a single vent and 
flowed north and south, forming lobate flow ridges. The Dry Valley flow locally overlies 
the middle member of Miller Knoll and is latest Pleistocene to middle Holocene in age.   
 The Panguitch Lake eruptive center is composed of calc-alkaline latite similar to, 
but slightly more enriched in silica than, the Dry Valley latite. Panguitch Lake flows are 
divided into three flow units based predominantly on morphology, although there are 
minor chemical differences among the units (60 wt. % SiO2 versus 58.5 wt. % SiO2 in the 
oldest and youngest flow units, respectively). The oldest and largest of the flow units 
contains abundant hornblende and glomerocrysts of olivine and clinopyroxene. The 
smaller middle unit overlies a portion of the older flow. The youngest of the flow units 
contains small plagioclase phenocrysts, similar to the youngest flow unit of the nearby 
Miller Knoll eruptive center. The three flows are blocky with flow fronts from 30 to 60 
m high. The flows are likely latest Pleistocene to middle Holocene in age based on 
freshness of the flow surfaces and general lack of vegetation. 
Black Rock Desert Volcanic Field 
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The BRD is situated near the eastern margin of the Basin and Range Province in 
west-central Utah and covers an area of nearly 7000 km2. Because of its large size, BRD 
is divided into five subfields (plate 2). The southernmost subfield, Cove Fort (1.3 – 0.3 
Ma) (Figure 2-4a), located near the town of Cove Fort, produced calc-alkaline andesitic 
shield volcanoes and cinder cones and several rhyolite domes. North of Cove Fort, the 
Twin Peaks subfield (2.7 – 2.1 Ma) (Figure 2-4b), a calc-alkaline bimodal field, may have 
formed during a caldera-forming event. Farther north, the Beaver Ridge subfield (1.5 – 
0.4 Ma) (Figure 2-4c), located near the towns of Meadow and Kanosh, produced a 
tholeiitic suite ranging from basalt to dacite and culminated in the eruption of a small, 
glassy, calc-alkaline rhyolite dome. The Ice Springs subfield (<100 – 0.72 ka) (Figure 2-
4d) is in the northern part of the Beaver Ridge subfield, but here is considered a 
different field due to the considerable gap in time between the final eruption at Beaver 
Ridge and the first eruption at Ice Springs. Ice Springs is composed entirely of basalt 
and basaltic andesite, mostly transitional alkaline to tholeiitic. The northernmost 
subfield, Fumarole Butte (6.14 – 0.3 Ma) (Figure 2-4e), is located north of Delta and 
includes the Smelter Knolls rhyolite domes and basaltic maar and basalts and rhyolites 
of Fumarole Butte. Although the Honeycomb Hills rhyolite domes are 40 km west of the 
main Fumarole Butte field, we include them as part of the field following previous 
workers (Turley and Nash, 1980). Eruptions in the Fumarole Butte subfield occurred at 
~6 Ma, ~4.7-3.4 Ma, and < 1 Ma. Figure 2-4 (a-e) provides stratigraphic columns 
showing the general eruptive sequence of units in each subfield. 
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All but the youngest of the flows in BRD are covered by sediments from Lake 
Bonneville, making it difficult to determine either the stratigraphic relationships or the 
actual area covered by each flow. Eolian sand, derived from nearby playas, locally covers 
even the youngest flow. Small-offset (generally less than 5 m) normal faults displace 
every unit within BRD, although some of the faults mapped previously may actually be 
shorelines from Lake Bonneville or fissures within eruptive units. 
Although basin-fill sediment and recent volcanic cover obscure BRD basement 
rocks, it can be inferred from surrounding mountain ranges and from xenoliths found 
within flows that basement rock is composed of Oligocene-Miocene volcanic rocks, 
Paleozoic sedimentary strata, and Precambrian crystalline rocks. 
 The chemical characteristics of BRD subfields are summarized in figure 2-5. 
Representative samples from every volcanic center are included on the plots, but 
chemistry is discussed only by individual subfield. Overall, BRD contains a complete 
range of rock types from basalt to high-silica rhyolite (Figure 2-5a). An exception is a 
compositional gap between 60 and 70 wt. % SiO2. Only two centers in BRD have SiO2 
values that fall in this range. This compositional gap may be due to sampling bias, but it 
may also reflect the true nature of the volcanic field. Very few flows are alkaline, 
although several are transitional between alkaline and subalkaline (Figure 2-5b). 
Cove Fort subfield (figure 2-4a; black asterisks in figure 2-5) 
The Cove Fort subfield is a bimodal field located in and around the Mineral 
Mountains and is composed mainly of andesite and rhyolite with very little basalt 
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(Figure 2-5a). Rhyolite is located high in the Mineral Mountains whereas mafic 
eruptions are confined to the valleys east and north of the mountain range. All flows 
except the basalt are calc-alkaline (Figure 2-5c). Volcanism commenced at 1.3 Ma with 
the eruption of the Black Rock basalt flows and cinder cones (Crecraft et al., 1981; Nash, 
1986). The basalt is tholeiitic, containing olivine and plagioclase, and covers about 33 
km2 in the northern portion of the subfield. Lava flowed mostly to the north and west 
down valleys between the rhyolite domes of the Twin Peaks subfield. At 1.1-1.0 Ma, the 
Red Knoll and Crater Knoll cinder cones erupted (Nash, 1986), producing andesite (56% 
SiO2) and latite (60% SiO2) flows that are difficult to distinguish in the field due to 
similar mineralogy and vegetative cover. These flows contain abundant large (0.9-1.5 
cm) feldspars that may be anorthoclase xenocrysts, glassy amphibole, clinopyroxene, 
and some olivine. The oldest high-silica rhyolite (>76% SiO2) erupted at 0.9-0.8 Ma on 
the western flanks of the Mineral Mountains batholith, forming the Bailey Ridge and 
Wildhorse Canyon obsidian flows (Nash, 1986). The Big Cedar Cove rhyolite dome also 
formed at this time. The South Twin Flat and North Twin Flat rhyolites (0.7 Ma; Nash, 
1986) produced air-fall and cross-bedded surge deposits and resulted in the formation 
of three or more coalescing domes. From 0.6-0.5 Ma, more rhyolite erupted, forming 
the Bearskin and Little Bearskin domes (Nash, 1986). The calc-alkaline andesitic Cove 
Fort shield volcano and cinder cone formed coevally with Bearskin eruptions. The Cove 
Fort lavas are nearly aphyric but contain abundant quartz xenocrysts, possibly from the 
underlying Gillies Hill rhyolite (9.1 Ma; Evans and Steven, 1982). The final eruption of 
the Cove Fort field formed the Cedar Grove latite (60% SiO2) cinder cone and flow at 0.3 
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Ma (Nash, 1986). The Cedar Grove flow contains abundant plagioclase and glassy 
amphibole, with minor clinopyroxene and olivine.   
Twin Peaks subfield (figure 2-4b; blue squares in figure 2-5) 
The Twin Peaks subfield is a bimodal field comprised of latest Pliocene-early 
Pleistocene rhyolite domes, pyroclastic material, basaltic andesite, andesite, and rare 
basalt (Figure 2-5a). Volcanism began with the eruption of Coyote Hills rhyolite and 
rhyodacite domes and flows at 2.7 Ma (Evans et al., 1980; Crecraft et al., 1981). From 
2.63 to 2.43 Ma (Evans et al., 1980), high-silica rhyolites of the Cudahy Mine section 
were emplaced as a series of coalescing domes, obsidian flows, and pyroclastic and 
volcaniclastic deposits. In a borehole 10 km south of the Cudahy Mine rhyolite domes, 
an 80-m-thick tuffaceous unit was encountered that is chemically identical to the domes 
(Crecraft et al., 1981). Isolated domes of Cudahy Mine rhyolite also crop out on the 
eastern and northern margins of the field. The eruption of these domes, with an 
estimated volume of 12 km3, resulted in subsidence and the formation of a basin that is 
now filled with about 90 m of lacustrine limestone (Crecraft et al., 1981). The limestone 
at present forms the core of a domal uplift possibly related to a shallow silicic intrusion. 
Several mafic lava flows, collectively called the Cove Creek basalt, erupted at 2.5 Ma 
from cinder cones and/or fissures (Crecraft et al., 1981), cap the limestone, and were 
also tilted during uplift. The lowermost flows are composed of aphyric, calc-alkaline, 
basaltic andesites and andesites, while the upper flows are composed of diabase 
transitional between alkaline and tholeiitic basalt (Figures 2-5b and 2-5c). Silicic 
eruptions continued during the eruption of Cove Creek basalt, creating the high-silica 
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rhyolite domes of the 2.5 Ma Mid Dome, 2.43 Ma North Twin Peak, and 2.35 Ma South 
Twin Peak (Crecraft et al., 1981). This rhyolite is distinguished from the earlier 
rhyolites by the presence of large and abundant sanidine phenocrysts. Volcanism ceased 
after the eruption of the Lava Ridge basaltic andesite at 2.2 Ma and the Burnt Mountain 
basaltic andesite at 2.1 Ma (Nash, 1986). These flows erupted from vents superimposed 
on the tilted Cove Creek section and flowed in channels cut through the tilted units. 
This relationship indicates that domal uplift occurred between 2.5 and 2.2 Ma. 
The presence of a caldera in the Twin Peaks subfield is an intriguing possibility. 
Eruptive sequences in calderas typically begin with explosive pyroclastic eruptions that 
cause local subsidence, continue with effusive eruption of basalt flows and rhyolite 
domes within the newly formed crater, and often end with resurgence, causing uplift of 
the caldera floor (e.g., Lipman, 1984). Some of the elements of a typical caldera are 
present in the Twin Peaks subfield. Subsidence, possibly related to the eruption of the 
90-m-thick pyroclastic flow (found in the boring), was closely followed by the eruption 
of rhyolite domes and the Cove Creek basalt. The final event, which may represent 
caldera resurgence, was the domal uplift that tilted the limestone and Cove Creek 
basalt. Unfortunately, a caldera margin marked by a ring structure or other significant 
faults has not been located.  
Beaver Ridge subfield (figure 2-4c; red circles in Figure 2-5) 
Although volcanic rocks of the Beaver Ridge subfield vary in composition from 
basalt to rhyolite (Figure 2-5a), this subfield is unique in that all of the units except the 
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rhyolite are tholeiitic (Figures 2-5b and 2-5c). Activity in the field began at 1.5 Ma 
(Nash, 1986) with the eruption of at least two domes and several flows of tholeiitic 
rhyodacite to basaltic andesite. This suite was mapped by Hoover (1974) as an “early” 
calc-alkaline suite unrelated to Beaver Ridge, although it was considered by Nash (1986) 
to represent early eruptions of Beaver Ridge. Despite obvious iron enrichment, it was 
treated by all previous workers as calc-alkaline. 
The most voluminous flow of the Beaver Ridge subfield is the 0.9 Ma (Hoover, 
1974) Beaver Ridge I basalt, which covered an area of nearly 50 km2. The flow is a 
plagioclase and olivine diabasic basalt. Chemically, the unit has transitional alkaline-
tholeiitic affinities (Figure 2-5b).   
At 0.6-0.5 Ma (Hoover, 1974; Best et al., 1980; Nash, 1986), eight cinder cones 
and maar craters developed near the town of Kanosh at the eastern margin of the field. 
These eruptions produced the tholeiitic Beaver Ridge II flows, which contain abundant 
anorthoclase (to 4 cm), glassy amphibole, and labradorite (to 1.5 cm) phenocrysts and 
xenocrysts. A cinder cone remnant that may be correlative to the Beaver Ridge II basalt 
underlies the southeastern margin of the Tabernacle Hill flow (discussed below). Rocks 
of this remnant cone are highly enriched in iron and titanium and contain abundant 
magnetite. They resemble Beaver Ridge II flows petrographically, but not chemically.  
At 0.4 Ma (Hoover, 1974), a small (<0.1 km3), glassy, rhyolite dome, the White 
Mountain rhyolite, erupted close to the northern boundary of the field. This is the only 
unit within the Beaver Ridge subfield that is calc-alkaline. The rhyolite contains sparse 
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phenocrysts of biotite, sanidine, and quartz, all less than 0.5 mm in size, along with 
mafic inclusions. The original volume of the dome is unknown, as it was heavily 
modified by Lake Bonneville sedimentation. The White Mountain dome was partially 
covered by the <12 ka Tabernacle Hill basalt center, and is covered on the north and 
east flanks by gypsiferous sand dunes (hence the name "White Mountain"). During her 
detailed analysis of the Tabernacle Hill center, Hintz (2008) discovered large blocks of 
the White Mountain rhyolite entrained in the Tabernacle Hill tuff cone, suggesting the 
presence of the rhyolite at depth beneath the eruptive center for Tabernacle Hill. 
Ice Springs subfield (figure 2-4d; green triangles in Figure 2-5) 
Lavas of the Ice Springs subfield erupted mostly over the past 0.1 Ma, with one 
flow dated at 0.4 Ma (see below), and are composed entirely of basalt of transitional to 
tholeiitic composition (Figures 2-5a and 2-5b). Ice Springs covers the northern part of 
the Beaver Ridge subfield and was previously included within the Beaver Ridge field 
(Nash, 1986). In this paper, Ice Spring flows are considered separately from Beaver 
Ridge because of small differences in chemical composition and a considerable age 
discrepancy between the final Beaver Ridge eruption (0.4 Ma) and the first Ice Springs 
eruption (<0.1 Ma).   
The oldest Ice Springs flows are from the Deseret, Pot Mountain, and Sunstone 
Knoll volcanic centers, which are located south of the town of Deseret. The Deseret 
volcano is the only flow from the Ice Springs subfield with an age greater than 0.1 Ma 
(0.4 ± 0.4 Ma; Best et al., 1980), although, given the large uncertainty in the date and 
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the low degree of erosion (except for the development of lakeshore terraces), it is more 
likely closer in age to the rest of the Ice Springs centers. The Deseret flow covers an area 
of about 35 km2 and is composed of tholeiitic basalt. Sunstone Knoll is a compound 
cinder cone that has been highly eroded by Lake Bonneville; it is petrographically and 
chemically similar to Beaver Ridge II basalts. The hallmark of this center is the near-
ubiquitous presence of 1-5 cm yellow labradorite ("sunstone") xenocrysts. Pot Mountain 
is a basaltic andesite volcanic plug with no associated flow. 
Flows from near the Pahvant Butte volcano to the south of the Deseret area may 
be coeval with the Deseret flows. Pahvant Butte erupted in three episodes (Hoover, 
1974). The first episode produced the Pahvant I pahoehoe basalt flows, which cover an 
area of over 90 km2 and underlie nearly all other units of the Ice Springs field. There are 
three known vents for these flows and they are covered entirely by Lake Bonneville 
sediments, indicating an eruptive age prior to Lake Bonneville (~24,500 calendar years 
B.P.). Subsequently, the Pahvant II basalt flows erupted from local cinder cones within 
the outcrop of the Pahvant I flows. These flows also erupted prior to Lake Bonneville 
and are best exposed along the Devils Kitchen fault. Finally, Pahvant Butte, which is a 
large tuff cone, erupted at 19,060 ± 267 calendar years B.P. (Oviatt, 1989) into Lake 
Bonneville. Basaltic ash from this eruption is spread over a large area and partially 
obscures the earlier Pahvant I flows in the north.   
The Tabernacle Hill volcano erupted at 16.834 ka (Oviatt, 1991; calendar years 
B.P.) just west of the White Mountain rhyolite dome and covers portions of the Beaver 
Ridge I and II basalts. It began as a phreatomagmatic eruption that produced a tuff 
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cone. Subsequent eruptions resulted in at least two cinder cones, lava flows, a lava lake, 
and a vast network of lava tubes through which the lava lake drained near the end of the 
eruption (Hoover, 1974; Hintz, 2008). As with Pahvant Butte, previous workers 
concluded that Tabernacle Hill erupted into Lake Bonneville during or near the last high 
stand of the Provo level (Oviatt, 1991). A radiocarbon age on tufa entrained within the 
basalt flow puts the time of eruption at 16,834 ± 170 calendar years B.P. (Oviatt, 1991), 
which supports this interpretation. However, Hintz (2008) found only sparse pillow 
structures at the distal edges of part of the main lava flow, which she considered as 
evidence of a shallow pond or marsh, located only around that portion of the flow. 
According to Hintz (2008), this evidence indicates that tuff cone formation was the 
result of the interaction of magma with groundwater. 
The 632 ± 126 calendar years B.P. (Valastro et al., 1972) Ice Springs volcano 
represents the youngest known eruption in the state of Utah and produced no less than 
four basaltic cinder cones and three a'a flows (Gilbert, 1890; Hoover, 1974; Oviatt and 
Nash, 1989; Oviatt, 1991). The cones themselves have been badly damaged due to 
mining, but the flows are nearly pristine. The northern flow lobe contains abundant 
partially melted granitic xenoliths as well as xenocrystic quartz and sparse plagioclase 
laths, but the other two flows contain only olivine phenocrysts. The Ice Springs volcano 
is unvegetated except for the western edges, which are covered in eolian dunes and 
vegetation. 
Fumarole Butte subfield (Figure 4e; purple diamonds in Figure 2-5) 
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The Fumarole Butte subfield records volcanic activity that occurred episodically 
over a six-million-year period. Volcanism began with the eruption of the Topaz 
Mountain and Keg Mountain rhyolite dome complexes in the Thomas Range and 
adjacent Keg Mountain at 6.1 Ma (Turley and Nash, 1980). These high-silica rhyolites 
contain abundant topaz, quartz, sanidine, plagioclase, and groundmass fluorite. Beryl 
occurs in lithophysal cavities. The total eruptive volume of the Topaz Mountain section, 
including flows, domes, and pyroclastic deposits, exceeds 50 km3 (Turley and Nash, 
1980). At the same time, tholeiitic basalt flows of North Butte and Smelter Knolls 
erupted (vents unknown), along with the North Butte rhyolite.  
The second episode of volcanism occurred on the western side of the Fumarole 
Butte subfield in the Honeycomb Hills. This 4.7-million-year-old rhyolite dome complex 
contains a thin pyroclastic tuff unit and two domes. Basalt flows crop out around these 
rhyolite domes (Hogg, 1972; Turley and Nash, 1980), although their relationship to the 
rhyolite is not reported. This episode ended at 3.4 Ma, when about 2.2 km3 of topaz-
bearing rhyolite flows and domes erupted at Smelter Knolls (Figure 2-4e). 
The third episode of volcanism in this subfield produced the Fumarole Butte 
basaltic andesite shield volcano and cinder cone at 0.88 Ma. This volcano partially 
covers the North Butte basalt flow (Turley and Nash, 1980; Peterson and Nash, 1980). 
Tholeiitic basalt flows erupted south of the Smelter Knolls rhyolite at 0.3 Ma and 





Comparison of Markagunt Plateau and Black Rock Desert Volcanic Fields  
MP and BRD exhibit significant differences:   
• The ratio of mafic to silicic units in MP is much higher than in BRD, and MP 
contains no rhyolite units younger than early Miocene.   
• MP contains a smaller number of tholeiitic flows and a larger number of alkaline 
flows than BRD (Figures 2-6b and 2-6c).   
• MP flows display a continuous spectrum of compositions from basalt to latite, 
whereas most subfields within BRD contain bimodal distributions of basalt and 
rhyolite (Figure 2-6a).  
Despite these compositional differences, there are important similarities between the 
two fields: 
• MP samples (gray-filled crosses on Figure 2-6c) define the same calc-alkaline 
trend as the calc-alkaline mafic units from BRD (all other symbols).   
• Tholeiites from both fields plot in the same field on the alkalies-iron oxides 
magnesium oxide (AFM) triangle diagram (Figure 2-6c), although BRD samples 
exhibit a more well defined trend and tend to be more highly enriched in Fe2O3. 
• On a chondrite-normalized spider diagram, alkali basalt from MP is generally 
more highly enriched in light rare earth elements (La-Sm) than alkali basalt from 
BRD, although the least enriched sample is close in composition to BRD (Figure 
2-6d).   
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• Tholeiitic rocks (Figure 2-6e) and calc-alkaline rocks (Figure 2-6f) from MP and 
BRD exhibit similar signatures on chondrite normalized spider diagrams.   
Source of Basalts From The Markagunt Plateau and Black Rock Desert Volcanic 
Fields 
 One of the most puzzling attributes of MP and BRD, and of volcanic fields in 
western Utah in general, is the presence of abundant subalkaline volcanic units. In most 
other Pleistocene-Holocene volcanic fields of the Basin and Range Province, alkali basalt 
is the dominant eruptive product, with very little, if any, calc-alkaline intermediate or 
silicic rocks (e.g., Christiansen and Lipman, 1972). Thus, an important question is:  
What petrologic and/or structural factors make the eastern margin of the Basin and 
Range Province different? Another question is:  What magmatic process creates 
tholeiites and calc-alkaline dacite, andesite, and rhyolite in western Utah? These are 
difficult questions to answer; however, an understanding of basalt petrogenesis may be 
the key to eventually developing answers. Basalt is directly or indirectly the parent of all 
other magma types. Basalt can fractionate to produce more silicic magmas, or it can mix 
with crustal components to form a variety of intermediate rock types. Basalt also serves 
as an agent of heat transfer. When basalt forms by partial melting of mantle peridotite 
and ascends from depths of 80 to 100 km into the crust, it causes crustal melting and 
the formation of dacite and rhyolite magmas. If they have not been greatly modified, 
basaltic magmas are the most primitive eruptive product in a volcanic field and much 
about their mantle source can be determined through their study. 
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 Calculating the depth of magma generation for primitive basalts is possible 
using major element chemistry and a geobarometer. Using a silica-activity 
geobarometer developed and detailed by Lee and others (2009), Johnsen and Smith 
(2009a calculated the depth of melt generation for basalts from BRD and MP. The depth 
ranges are 82-113 km (2.4-3.34 GPa) for BRD and 76-88 km (2.23-2.57 GPa) for MP. 
The criteria for selecting primitive basalts, along with details of these results, are 
outlined in Johnsen and Smith (2009a). The depth to asthenospheric mantle is about 
70 for the Basin and Range Province and 75-80 km for the transition zone(at the 
latitude of Markagunt Plateau) (Johnsen and Smith, 2009a), which indicates an 
asthenospheric source for basalts of the BRD and places melting depths at or below the 
base of the lithosphere for the MP. 
Source of Calc-Alkaline Intermediate and Silicic Rocks 
 Several possibilities exist for the production of subalkaline rocks.  One of the 
most common ways, occurring frequently in continental arcs, is the mixing between 
silicic crustal and mafic mantle reservoirs (Wilson, 1989). Density contrast between 
silicic crust and rising mafic magma often leads to ponding of the denser mafic magma 
below less dense crust and subsequent melting of the crust. This crustal melting process 
produces a silicic magma chamber, which may in turn be modified by renewed injections 
of the mafic magma from below. Mixing and commingling of these magmas result in 
intermediate-composition magmas that eventually erupt as calc-alkaline volcanoes. 
 Modeling of magma mixing and assimilation processes is beyond the scope of 
this paper. However, previous studies of MP and BRD have shown that mixing of crustal 
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melts (rhyolite) and the most primitive basalt in magma from BRD can explain some of 
the intermediate rocks (Johnsen and Smith, 2009b). Most, if not all, of the BRD 
rhyolites represent independent crustal melts (Johnsen and Smith, 2009c). 
Additionally, basaltic andesite and andesite from both fields are products of mixing or 
assimilation of lithosphere with an “arc”-type chemical signature (Johnsen and Smith, 
2009a). 
Source of Tholeiitic Rocks 
 Tholeiitic magmatism is rare in the Basin and Range Province, but is common in 
active continental rift zones. For example, in the Rio Grande Rift on the east side of the 
Colorado Plateau, tholeiitic basalt is common within the northern part of the rift. 
Tholeiites form by shallow melting at a pressure and depth where plagioclase is a stable 
phase. Early plagioclase crystallization causes iron to be enriched in the liquid phase of 
the magma relative to sodium, calcium, and potassium (which are compatible in 
plagioclase) (e.g., Grove and Baker, 1984). Thus, it is possible that tholeiitic volcanism 
in western Utah is related to the eastern edge of the Basin and Range Province, acting as 
a rift zone. This rift on the west side of the Colorado Plateau may be a mirror image of 
the Rio Grande Rift. 
CONCLUSIONS 
 Quaternary subalkaline volcanic rocks are rare in the Basin and Range Province.  
However, they are common in volcanic fields throughout southwest Utah, although the 
mechanisms responsible for their production are unclear. Tholeiitic rocks are common 
at mid-ocean ridges, in flood basalt provinces, and in active rift zones such as the Rio 
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Grande Rift; however, although the Basin and Range Province is considered an active 
rift, tholeiitic rocks are rare within it. Calc-alkaline intermediate rocks are extremely 
rare outside of volcanic arcs or the initial phases of a rift (e.g., the Basin and Range 
Province about 20 m.y. ago), and yet they are quite common and recent in both the MP 
and BRD. 
 Recent subalkaline volcanism along the eastern margin of the Basin and Range 
Province could signal the beginning of a new rifting event along the western margin of 
the Colorado Plateau, similar to that at the eastern margin in the Rio Grande Rift. 
Conversely, it could simply characterize the tectonic setting of the transition zone from 
the Colorado Plateau to the Basin and Range. Whatever their provenance, the presence 
of these subalkaline rocks is intriguing and may require rethinking the nature of 
volcanism in Basin and Range-style and intraplate tectonic settings. 
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TABLES AND FIGURES 
(Note that Plates 1 and 2, along with the chemistry tables, are in Appendix 1 of 
this dissertation.) 
Table 2-1:  K/Ar and 40Ar/39Ar ages of volcanic rocks from the Markagunt Plateau 
volcanic field. 
Center Lat. Long. Age  Uncertainty  Method Reference 
      (Ma) (± Ma)     
Group I              
Dickinson Hill 37.8000 -112.4292 5.3 0.5 K/Ar Rowley and others (1994) 
Houston Mountain 37.6175 -112.7232 5.27 0.14 Ar/Ar Biek and others (2009) 
Red Canyon basalt 37.7241 -112.3089 4.94 0.03 Ar/Ar Lund and others (2008) 
 Red Canyon basalt 37.7402 -112.3304 4.98 0.03 Ar/Ar Lund and others (2008) 
Blue Spring Mountain 37.6700 -112.6700 2.78 0.16 Ar/Ar Stowell (2006) 
Group II             
Long Flat/Hancock Peak 37.6600 -112.7500 0.6 0.25 Ar/Ar Stowell (2006) 
Asay Knoll 37.5525 -112.5481 0.52 0.05 K/Ar Best and others (1980) 
Red Canyon andesite 37.7447 -112.3333 0.56 0.07 K/Ar Best and others (1980) 
Red Canyon andesite 37.7544 -112.3292 0.49 0.04 Ar/Ar Lund and others (2008) 
Red Canyon andesite 37.7525 -112.3284 0.51 0.01 Ar/Ar Lund and others (2008) 
Group III             







Figure 2-1. Generalized geologic map of Utah, with emphasis on igneous rocks. Map 
shows locations of the Black Rock Desert and Markagunt Plateau volcanic fields and 
major faults. Map inset shows major physiographic provinces of Utah. “MP” and “BRD” 
on map inset denote general locations of the volcanic fields. Modified from Utah State 






Figure 2-2a.  Simplified geologic map of the Markagunt Plateau volcanic field, showing 







Figure 2-2b.  Simplified geologic map of the Markagunt Plateau volcanic field, showing 








Figure 2-2c.  Simplified geologic map of the Markagunt Plateau volcanic field, showing 







Figure 2-3.  Major element plots for Markagunt Plateau volcanic centers. A) Total 
alkalies versus silica diagram showing major rock types. B) Total alkalies versus silica 
diagram showing division between alkaline and subalkaline rocks. C) AFM classification 
diagram of subalkaline rocks, showing the tholeiitic and calc-alkaline fields. Data used 







Figure 2-4a.  Simplified geologic map of the Cove Fort subfield of the Black Rock 
Desert volcanic field. Accompanying stratigraphic column is meant to illustrate the 
general stratigraphy and the type of volcanic center (e.g., dome), but does not 
necessarily represent units that physically sit on one another. Map compiled from 







Figure 2-4b.  Simplified geologic map of the Twin Peaks subfield of the Black Rock 
Desert volcanic field. Accompanying stratigraphic column is meant to illustrate the 
general stratigraphy and the type of volcanic center (e.g., dome), but does not 
necessarily represent units that physically sit on one another. Map compiled from 








Figure 2-4c.  Simplified geologic map of the Beaver Ridge subfield of the Black Rock 
Desert volcanic field. Accompanying stratigraphic column is meant to illustrate the 
general stratigraphy and the type of volcanic center (e.g., dome), but does not 
necessarily represent units that physically sit on one another. Map compiled from 








Figure 2-4d.  Simplified geologic map of the Ice Springs subfield of the Black Rock 
Desert volcanic field. Accompanying stratigraphic column is meant to illustrate the 
general stratigraphy and the type of volcanic center (e.g., dome), but does not 
necessarily represent units that physically sit on one another. Map compiled from 









Figure 2-4e.  Simplified geologic map of the Fumarole Butte subfield of the Black Rock 
Desert volcanic field. Accompanying stratigraphic column is meant to illustrate the 
general stratigraphy and the type of volcanic center (e.g., dome), but does not 
necessarily represent units that physically sit on one another. The Honeycomb Hills 
rhyolite domes are depicted in the stratigraphic column, but are not shown on the 








Figure 2-5.  Major element plots for Black Rock Desert volcanic centers. A) Total 
alkalies versus silica diagram showing major rock types. B) Total alkalies versus silica 
diagram showing division between alkaline and subalkaline rocks. C) AFM classification 
diagram of subalkaline rocks showing the tholeiitic and calc-alkaline fields. Data used in 







Figure 2-6.  Chemical plots comparing the Black Rock Desert and Markagunt Plateau 
volcanic fields. (A) – (C) All volcanic centers from the Markagunt Plateau and Black Rock 
Desert plotted on major element variation diagrams. (D) Chondrite-normalized rare-
earth element diagram showing the range of compositions of alkalic rocks from 
Markagunt Plateau compared to alkali basalt from Black Rock Desert. (E) Tholeiitic 
rocks from Markagunt Plateau and Black Rock Desert. (F) Calc-alkaline basalt and 
intermediate rocks from Markagunt Plateau and Black Rock Desert. For (D-F) only the 





THE 2.7 – 2.1 MA TWIN PEAKS CALDERA: STRATIGRAPHY AND 
PETROGENESIS 
 This manuscript was originally published by the Utah Geological Association 
(Publication 43) in September 2014 and was co-authored by Dr. Eugene Smith of UNLV 
and Dr. J. Douglas Walker of the University of Kansas, Lawrence. This author 
completed field work, sample collection, preparation, and analysis for all data, wrote the 
manuscript, and drafted the figures. Dr. Walker generously provided the laboratory 
time and space for preparation and analysis of samples for Pb, Sr, and Nd isotopes of 
my samples. Dr. Smith helped edit and organize the manuscript, along with providing 
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ABSTRACT 
The Twin Peaks volcanic field is a late Pliocene to early Pleistocene (2.7-2.1 Ma) 
subfield of the much larger Black Rock Desert volcanic field. Covering an area of 
approximately 350 square kilometers, the Twin Peaks field contains basalt, basaltic 
andesite, andesite, and low- and high-silica rhyolite. Of the subfields of Black Rock 
Desert volcanic field, Twin Peaks is unique in that a significant volume of rhyolitic tuff, 
along with a 100-meter-thick sedimentary package that includes nearly 10 cubic 
kilometers of reworked pyroclastic material identical in composition to the rhyolite tuff, 
occurs within the volcanic field. The sedimentary package is exposed in the core of the 
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Cove Creek dome, a doubly plunging anticline in the eastern part of the Twin Peaks 
field. 
 The primary focus of this study was to produce a more detailed and updated 
geologic map of the Twin Peaks volcanic field, revise the stratigraphy of the eruptive 
units, and document the changes in chemical composition in successive eruptive units. 
The primary observations of this study include the following.  
1. Eruptions occurred in two magmatic pulses, with magma mixing between 
crustal-derived and mantle-derived end-members forming all intermediate 
eruptive products. The Cove Creek dome formed between the cessation of the 
first magmatic pulse and the beginning of the second pulse.  
2. New mapping, revised stratigraphy, and recognition that the Cove Creek dome 
represents a period of magma resurgence suggest that a caldera is present in the 
Twin Peaks volcanic field.  
3. The caldera is of the “non-eruptive” type where magma migration from beneath 
the main volcano causes caldera collapse while the actual tuff erupts several 
kilometers away.  
INTRODUCTION 
 The Twin Peaks volcanic field is a late Pliocene to early Pleistocene subfield of 
the much larger Black Rock Desert volcanic field, containing basalt, andesite, rhyolite, 
ash-flow tuff, and calcareous lacustrine sediments. Located in the southern Black Rock-
Sevier Desert, along the eastern margin of the highly extended Basin and Range 
Province (BRP), the 350-square-kilometer Twin Peaks volcanic field is part of a belt of 
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Pliocene to Holocene volcanic fields extending from the Uinkaret Plateau in northern 
Arizona to Fumarole Butte 100 kilometers north of Twin Peaks in Utah (Figure3-1) 
(Nelson and Tingey, 1997; Johnsen et al., 2010). Magmatism at Twin Peaks marks the 
onset of nearly continuous volcanism in the 6 Ma Black Rock Desert volcanic field 
(Johnsen et al., 2010), as well as a period of calc-alkaline silicic activity. Magmatic 
activity in the Twin Peaks volcanic field produced an estimated 12 cubic kilometers of 
eruptive material (Haugh, 1978; Crecraft et al., 1981). Based on the studies of previous 
workers in combination with the present work, we postulate that the 2.7-2.1 Ma Twin 
Peaks magmatic system represents a caldera-forming event. Further, we suggest that 
the associated eruptions occurred in two magmatic pulses with magma mixing between 
crustal-derived (rhyolitic) and mantle-derived (basaltic) end-members forming all 
intermediate eruptive products. 
 The idea that the Twin Peaks volcanic field contains a caldera has been proposed 
previously. Haugh (1978), Carrier and Chapman (1981), and Crecraft et al. (1981) 
postulated the presence of a caldera or a significant amount of ground subsidence as a 
result of withdrawal of large quantities of rhyolitic magma from a shallow magma 
chamber. However, these previous studies were unable to identify a caldera margin or 
significant volumes of ash-flow tuff, two of the most obvious indicators of caldera-
forming events in other volcanic fields like the Yellowstone and Valles calderas (Lipman, 
1997). With the exception of a compilation study by Nash (1986) of the entire Black 
Rock Desert volcanic field, there has been no attempt to produce a comprehensive 
model for the magmatic history of Twin Peaks. Additionally, the studies of Haugh 
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(1978), Carrier and Chapman (1981), and Crecraft et al. (1981) focused on the silicic 
eruptions to support geothermal exploration of Utah.  
 The purposes of this study, then, are to produce an updated and more detailed 
geologic map of Twin Peaks and to synthesize data from this work with data from 
previous studies to propose an eruptive sequence. These observations will be used to 
test the hypothesis that a caldera is a major component of the Twin Peaks volcanic field. 
Additionally, geochemistry is used to illustrate the process or processes that produced 
the units of the Twin Peaks volcanic field. 
BACKGROUND 
Regional Background 
 The area around the Twin Peaks volcanic field has an extensive magmatic 
history. During the late Oligocene to early Miocene (~26-18 Ma), subduction-related, 
calc-alkaline magmatism swept eastward through eastern Nevada and west-central 
Utah, forming the stratovolcanoes and caldera complexes of the Marysvale volcanic 
field. Contemporaneous with these volcanoes was the formation of the Mineral 
Mountains batholith (Coleman and Walker, 1992), located just southwest of the Twin 
Peaks volcanic field (Figure3-1). Magmatic activity in the area recommenced with the 
onset of Basin and Range extension at approximately 9 Ma in the form of late-stage 
rhyolitic dikes within the Mineral Mountains batholith and in the rhyolite domes of 
Corral Canyon and Gillies Hill (Evans and Steven, 1982; Coleman and Walker, 1992). No 
eruptions occurred in the Twin Peaks area between 9 and 2.7 Ma, although basalts were 
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erupted elsewhere in the Black Rock Desert volcanic field at 6 Ma (Johnsen et al., 2010; 
Figure 3-2). 
Black Rock Desert Volcanic Field Background 
 The Black Rock Desert volcanic field is a late Miocene to Holocene volcanic field 
situated along the eastern margin of the Basin and Range Province. Because of its size, 
the Black Rock Desert volcanic field is separated into five “subfields,” which are, from 
south to north: 1) Cove Fort, active from about 1.3 to 0.3 Ma; 2) Twin Peaks, active 
from about 2.7 to 2.1 Ma; 3) Beaver Ridge, active from about 1.5 to 0.4 Ma; 4) Ice 
Springs, active from about 400 ka to the present; and 5) Fumarole Butte, active 
sporadically from 6.1 to 0.3 Ma (Johnsen et al., 2010). 
 The Twin Peaks volcanic field is bordered on the south, east, and west by 
mountain ranges dominated by Paleozoic rocks, and the field itself is part of the 
southern terminus of the Black Rock Desert (a continuation of the Sevier Desert), which 
is part of a large basin that was intermittently filled with playa lakes and fluvial systems 
over the course of the late Pliocene to the Pleistocene (Oviatt, 1991). Starting at 
approximately 37 ka, glacial Lake Bonneville flooded the entire area below 
approximately 5200 feet, further complicating the discovery of relevant exposures in 
the Twin Peaks volcanic field (Oviatt, 1991; Johnsen et al., 2010). 
Previous Work 
 Considerable attention was paid to the Twin Peaks volcanic field in the late 
1970s and early 1980s as the U.S. Department of Energy sought identification of 
potential geothermal resource areas, especially because Twin Peaks is a large silicic 
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center located just north of the Roosevelt Hot Springs Known Geothermal Resource 
Area. Among the first workers to describe the geology was Clark (1977), who mapped 
the mafic units from both the Twin Peaks and the adjacent Cove Fort volcanic fields 
(Figure 3-2). Clark’s study (1977) focused mostly on regional structure and did not 
investigate the possibility of a caldera, although he did mention the presence of 
Pliocene lacustrine carbonates. 
 Haugh (1978) first mapped and described the silicic units of Twin Peaks, 
establishing a stratigraphy based on K-Ar dates obtained by Lipman et al. (1978) and 
postulating the presence of a caldera. Haugh’s evidence for a caldera included: 1) a 
gravity low centered on the Twin Peaks volcanic pile, 2) an arcuate pattern to the 
“youngest” rhyolite domes he considered as defining a portion of a caldera ring fault, 3) 
the presence of lacustrine sediments confined to a semi-circular geographic area, and 4) 
at least some evidence for pyroclastic eruptions. Haugh (1978) envisioned a trapdoor-
style caldera hinged on the eastern margin of the volcanic field as evidenced by a 
westward-thickening volcanic pile and an arcuate outcrop pattern of the Coyote Hills 
rhyolite in the western portion of the field. The lack of significant volume of outflow 
ash-flow tuff led Haugh (1978) to conclude that the Twin Peaks caldera must be of the 
relatively non-explosive “Glencoe type.” 
 The first age-related stratigraphy of the Twin Peaks volcanic field was 
established by Evans and others (1980) and further detailed by Crecraft et al. (1981). 
Through several K-Ar dates (12) and detailed geochemistry of the rhyolitic units within 
Twin Peaks, Crecraft and others (1981) determined that eruptions occurred in two 
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pulses. The first, from 2.74 to 2.6 Ma, resulted in the formation of two chemically 
distinct dome complexes along the western margin of the volcanic field and a minimum 
of 90 meters of ground subsidence within the eastern portion of the volcanic field 
(Figure 3-3). Though not the first to describe the lacustrine sequence that accumulated 
in this 90-meter depression, Crecraft et al. (1981) were perhaps the first to observe that 
the carbonate-cemented sedimentary package contained significant quantities of 
pumice and other locally derived volcanic detritus that suggested the sediments were 
pyroclastic in origin. Carrier (1979) and Crecraft et al. (1981) documented at least 80 
meters of ash-flow tuff below a capping lacustrine limestone within a drill hole at the 
southern margin of the field (Figure 3-3). However, though Carrier and Chapman 
(1981) undertook a gravity survey and postulated the presence of a granitic pluton at 
shallow depth below Twin Peaks at the same time Crecraft was completing his study, 
Crecraft et al. (1981) stopped short of calling the Twin Peaks volcanic field the product 
of a caldera-forming event, in the absence of a well-defined ring fault or a caldera 
margin. 
The gravity survey conducted by Carrier and Chapman (1981) in the Twin Peaks 
volcanic field suggested that the Cove Creek dome, a doubly-plunging anticline within 
the Twin Peaks volcanic field, was not an uplift related to intrusion of a large mafic 
body, although the study did not eliminate the possibility of uplift related to intrusion 
of a lower density felsic intrusion. In his regional compilation detailing magmatism in 
the Black Rock Desert volcanic field, Nash (1986) called the Cove Creek dome a 




 Major and trace element analyses were obtained using a combination of X-ray 
fluorescence spectrometry (XRF) at University of Nevada, Las Vegas (UNLV), and 
inductively coupled plasma mass spectrometry (ICP-MS) at Activation Laboratories in 
Canada. Fresh samples were crushed using a tungsten-carbide ring and puck mill in a 
Bico Shatterbox. Approximately 20 grams of the resulting powders were then heated to 
1000°C to determine the loss on ignition (LOI), fractions of which were then set aside 
for major and trace element preparation. Using a 1:10 ratio of sample to flux, 0.72 
grams of each sample were fused with a mixture of 50% lithium tetraborate and 50% 
lithium metaborate into glass disks for major element analysis on the XRF. Using a 4:1 
ratio of sample to binding powder, 12 grams of each sample were mixed with a binding 
agent and pressed into a cylindrical pellet for trace element analysis on the XRF. 
Approximately 5 grams of non-LOI powders for one to two samples from each major 
unit were sent to Activation Laboratories for trace and rare earth element analysis. 
Standard data from both the XRF and ICP-MS, along with detection limits for each 
element, are maintained at UNLV. 
 Eight samples covering seven units from the Twin Peaks volcanic field were 
chosen for whole rock strontium (87Rb/87Sr), neodymium (147Sm/143Nd), and lead 
(238U/206Pb, 235U/207Pb, 232Th/208Pb) isotope analysis. Approximately 350 milligrams of 
sample powders were analyzed at Kansas University in Lawrence using a VG Sector 
thermal ionization mass spectrometer (TIMS). Samples were dissolved using a 
combination of HCl, HNO3, and HF, and then run through cation exchange columns, 
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dried down on hot plates, loaded on either tungsten or rhenium filaments, and analyzed 
on the TIMS. Techniques and column procedures follow the methods of Patchett and 
Ruiz (1987) and dissolution method of Krogh (1973).  
 Chemical analyses on single mineral phases in rocks from the Twin Peaks 
volcanic sub-field were obtained in the Electron Microanalysis & Imaging Laboratory at 
UNLV using a JEOL JXA-8900 electron probe microanalyzer (EPMA). Feldspars, olivine, 
pyroxene, oxides, and glass (where present) were analyzed in the Coyote Hills, Cudahy 
Mine, Lower Cove Creek, Upper Cove Creek, Burnt Mountain 2, and Burnt Mountain 3 
units. Grains with incipient alteration and totals less than 98 or greater than 102 
weight percent were omitted from analysis. 
 Fresh samples of Coyote Hills and Cudahy Mine rhyolite were crushed using a 
Bico Pulverizer and then sieved to an appropriate size fraction (<500 micrometers) for 
picking individual sanidine grains. Twenty to thirty sanidine grains were picked from 
each unit and then analyzed in the Nevada Isotope Geochronology Lab at UNLV.  
STRATIGRAPHY 
Ages and Unit Nomenclature 
 To date, no comprehensive stratigraphic studies of the Twin Peaks volcanic field 
have been completed, leading to poor stratigraphic control, a situation compounded by 
the omission of mafic units, which comprise more than half of the erupted units. The 
following description of the stratigraphic units is defined by detailed mapping and 
geochemical analysis from this study; however, the nomenclature developed by others 
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and summarized on the Richfield 30’ x 60’ quadrangle map (Hintze et al., 2003) is 
utilized. 
 The stratigraphy of the Twin Peaks volcanic field was divided into two episodes 
by Crecraft et al. (1981) and Nash (1986). Episode 1 includes eruptions prior to 
formation of the Cove Creek dome. Episode 2 includes eruptions after the formation of 
the Cove Creek dome. Below is a description of the stratigraphy using the two-episode 
model. 
Episode 1: Coyote Hills, Cudahy Mine, Proto-Cove Creek, Lower Cove Creek, 
Upper Cove Creek 
 The first eruptions in the Twin Peaks volcanic field, at 2.74 Ma (Table 3-1; Evans 
et al., 1980), produced porphyritic, low-silica (71% SiO2) rhyolite domes that formed an 
arcuate ridge in the western part of the volcanic field. These domes, informally named 
the Coyote Hills rhyolite by Haugh (1978), contain plagioclase, sanidine, clinopyroxene, 
and orthopyroxene and are characterized by abundant mafic inclusions (Haugh, 1978). 
Hydrothermally altered and porphyritic rhyolite also crops out around North Twin Peak 
(described below) and was previously ascribed to Coyote Hills rhyolite (Haugh, 1978; 
Crecraft et al., 1981). However, its location north of any known outcrops of Coyote Hills 
(Figure 3-3), along with differences in bulk chemistry and phenocryst assemblage, 
suggests this rhyolite does not belong to the Coyote Hills unit.  
 Silicic eruptions continued in the western portion of the volcanic field from 2.7 
to 2.65 Ma (Table 3-1; Evans et al., 1980), producing aphyric, high-silica (76% SiO2) 
rhyolite domes, flows, obsidian, and pyroclastic deposits of Cudahy Mine. Ash-flow tuff 
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from these eruptions crops out in several locations throughout the volcanic field (Figure 
3-3). Additionally, reworked pyroclastic deposits with similar petrology and chemistry 
crop out extensively in the center of the volcanic field, interbedded with freshwater 
limestone that is estimated to be the same age as the Cudahy Mine unit (Zimmerman, 
1961; Clark, 1977; Haugh, 1978; Carrier and Chapman, 1981; Crecraft et al., 1981). 
 The first mafic eruptions began with an unnamed and undated channelized 
basalt flow that crops out in two locations and is hereby named the proto-Cove Creek 
basalt. The proto-Cove Creek basalt sits on the limestone and tuffaceous sediments, but 
underlies deposits from one Cudahy Mine dome (Figure 3-3). Its proper stratigraphic 
position is still unknown, although it sits below the Cove Creek andesite in all outcrops.  
 After the eruption of another aphyric Cudahy Mine dome at 2.63 Ma (Table 3-1; 
Evans and others, 1980), silicic eruptions ceased and were replaced by the andesite and 
basalt of Cove Creek. The lower unit of Cove Creek, undated but stratigraphically 
between the 2.63 Ma Cudahy Mine dome and the 2.5 Ma upper Cove Creek basalt, is a 
vitric andesite (56-58% SiO2) with calc-alkaline affinities whose flows erupted from a 
vent near the southeastern margin of the volcanic field and produced a 750 x 800 meter 
diameter cinder cone. Cove Creek andesite contains sparse crystals of partially resorbed 
plagioclase, along with clinopyroxene and orthopyroxene. 
 At 2.5 Ma (Table 3-1; Crecraft et al., 1981) a 7-8-kilometer-long pahoehoe flow, 
the upper Cove Creek basalt (47-48% SiO2), erupted from an unknown vent. It is 
repeated by several high-angle normal faults and is present mostly in the central and 
eastern parts of the volcanic field. The Upper cove Creek basalt is coarse-grained, with 
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olivine and plagioclase up to 5 millimeters in diameter and matrix material (plagioclase, 
olivine, clinopyroxene) up to 0.25 millimeters in diameter. 
Possible Eruption Hiatus and Formation of the Cove Creek Dome 
 The Cove Creek dome has been described both as an area of structural uplift 
controlled by Basin and Range-style tectonic activity (e.g., Clark, 1977; Hintze et al., 
2003) and as a resurgent dome related to renewed magmatic input at a shallow level 
(Haugh, 1978; Nash, 1986). Regardless of its origin, however, the Cove Creek dome is a 
conspicuous doubly-plunging anticline (plunging north and south) that has exposed 
approximately 400 meters of calcareous sediments, the Cove Creek basalt and andesite, 
and at its base the top of a fluvial conglomerate and sandstone (Zimmerman, 1961; 
Crecraft et al., 1981). Normal faults dipping inward toward the core of the dome repeat 
the section. Although it is itself undated, strata tilted by the formation of the Cove 
Creek dome include pyroclastic material from the approximately 2.6 Ma Cudahy Mine 
rhyolite and basalt from the approximately 2.5 Ma Upper Cove Creek basalt. The dome 
was formed prior to the eruption of the Burnt Mountain cinder cone and flows at 2.2 
Ma, as evidenced by the flat-lying nature of the Burnt Mountain flows and the fact that 
they flowed around tilted sediment and basalt (e.g., Nash, 1986; Johnsen et al., 2010). 
Episode 2: North Twin Peak, South Twin Peak, Mid-dome, Burnt Mountain 
 It is unclear whether there was a period of quiescence following the eruptions of 
the Cove Creek unit, due in large part to overlapping uncertainties in the ages of the 
units (Table 3-1). However, at approximately 2.43 Ma (Evans et al., 1980), silicic 
eruptions commenced once again with the formation of the composite North Twin Peak 
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dome. Like the earliest silicic eruptions of Coyote Hills, North Twin Peak is highly 
porphyritic, containing sanidine phenocrysts up to 1.5 centimeters in length, 
plagioclase, quartz, and highly altered biotite, hornblende, and pyroxene, with accessory 
apatite, zircon, and oxides. North Twin Peak is a moderate-silica rhyolite (72-73% SiO2). 
Eruptions continued with the formation of the rhyolite of Mid-dome, a low mound of 
hydrothermally altered rhyolite situated between the North and South Twin Peaks 
(hence, “Mid-dome”). The rhyolite of Mid-dome, like that of North Twin Peak, contains 
abundant large sanidine phenocrysts, along with quartz, plagioclase, and some biotite. 
At 2.35 Ma, the final silicic eruptions of the Twin Peaks volcanic field produced the large 
South Twin Peak rhyolite dome, along with a smaller and chemically distinct dome just 
to the east (Figure 3-3). The South Twin Peak rhyolite contains about 77 % SiO2 and has 
mineralogy similar to that of the North Twin Peak rhyolite. The rhyolite of South Twin 
Peak intrudes gently north-tilted Lower Cove Creek andesite. 
 Between 2.2 and 2.1 Ma (Table 3-1; Nash, 1986), the final eruptions in the Twin 
Peaks volcanic field produced the compound Burnt Mountain cinder cone and at least 
three chemically distinct lava flows that traveled east down the flanks of the Cove Creek 
dome. Initial eruptions formed a <300x500-meter andesitic cone and flow. The 
thickness and aerial extent of the flow is unknown largely because of burial by 
subsequent eruptions. The glassy andesite flow contains badly sieved and resorbed 
plagioclase phenocrysts. The second Burnt Mountain unit, also known as Lava Ridge 
(e.g., Nash, 1986; Johnsen et al., 2010), is a plagioclase-rich basaltic andesite with 
minor olivine and clinopyroxene that forms the main Burnt Mountain cinder cone. This 
63 
 
unit produced several flows that traveled east and northeast down the flanks of the 
Cove Creek dome and around hills composed of tilted Lower Cove Creek andesite. The 
final eruptions at Burnt Mountain originated near the Burnt Mountain cinder cone, 
although no vent has yet been located. These basalt flows are composed of olivine and 
plagioclase in a diabasic texture.  
Twin Peaks Geochronology 
 When attempting to define a caldera-forming event, details such as those 
eruptions that would be pre- and post-caldera are very important. It was, therefore, the 
goal of the authors to determine an accurate age sequence for the units. Although the 
Coyote Hills and Cudahy Mine units overlap geographically, contacts between the units 
are obscured by younger sediments, vegetation, and the Provo shoreline of Lake 
Bonneville (Oviatt, 1989, 1991). Since the level of erosion is not significant enough to 
expose intrusive contact, the two units were reanalyzed using the Ar/Ar method.  
 Fresh samples were collected from the arcuate ridge of Coyote Hills and from an 
outcrop of primary (meaning, not reworked by water) Cudahy Mine tuff at the eastern 
margin of the field (“D” on Figure 3-3). The results of the new dates, discussed below, 
are 2.33 ± 0.35 Ma for the Coyote Hills rhyolite and 2.31 ± 0.02 Ma for the Cudahy 
Mine tuff. 
Discussion of the Geochronology: The Age Dilemma 
 The original studies by Evans et al. (1980) and Crecraft et al. (1981) established 
a chronology for the silicic units in the Twin Peaks volcanic field, which helped define 
the stratigraphy for rhyolite units that did not geographically overlap. However, an 
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earlier study by Haugh (1978) that focused on mapping the Twin Peaks rhyolites and 
used two unpublished K-Ar dates provided by Peter Lipman (subsequently published in 
Lipman and others, 1978) established a rhyolite stratigraphy that differed from that 
published in subsequent studies. Haugh (1978) proposed that the Coyote Hills rhyolite 
was the youngest rhyolite unit, its arcuate outcrop pattern defining what had been the 
original ring fracture for his proposed caldera. He also proposed that the Cudahy Mine 
obsidian and pyroclastic rocks dated by Lipman et al. (1978) at 2.38 ± 0.15 Ma were, 
instead, the oldest features at Twin Peaks, while the Twin Peaks domes themselves, 
dated by Lipman et al. (1978) at 2.33 ± 0.12 Ma, were intermediate in age. However, the 
dates published by Evans et al. (1980) changed this mapping-based stratigraphy, 
instead showing that the Coyote Hills rhyolite, at 2.74 Ma, was the oldest dated unit in 
the Twin Peaks volcanic field, and the South Twin Peak rhyolite was the youngest at 
2.35 Ma. Four separate dates were obtained by Evans et al. (1980) using whole rock 
obsidian for the Cudahy Mine rhyolite, giving it an age range of 2.63 to 2.43 Ma. 
However, incorporating the errors on all of the dates (see Table 3-1 for data) results in a 
significant overlap in age between the Coyote Hills and Cudahy Mine units, calling into 
question the true stratigraphic relationship between the two units. 
 The results of the new dates are informative but ambiguous. While the results, 
shown as plots in Figure 3-4, confirm the stratigraphy put forth by Evans and others 
(1980) and Crecraft et al. (1981), the new dates are also significantly younger than 
those reported by Evans et al. (1980). With a new date of 2.33 ± 0.35 Ma, the Coyote 
Hills rhyolite is now nearly 400,000 years younger than previously published. Similarly, 
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the more precise 2.31 ± 0.02 Ma date for the Cudahy Mine tuff, which clearly underlies 
the 2.5 Ma Upper Cove Creek basalt at the locality where it was collected, is between 
300,000 and 120,000 years younger than any of the previously published dates for 
Cudahy Mine. Part of the discrepancy may lie in the methodology. K/Ar dates required 
separate measurement of potassium and argon concentrations and significant 
quantities of starting material. The K/Ar method also assumed an initial Ar 
concentration (atmospheric argon), but it has subsequently been shown that many 
rocks contain “excess” argon, which would have made K/Ar dates appear older. Another 
factor may lie in the use of whole rock samples from the obsidian of Cudahy Mine. K/Ar 
dates required several grams of crystals, which would have been a problem in the nearly 
aphyric Cudahy Mine unit. In spite of these differences in methodology, however, the 
2.38 Ma Cudahy Mine date reported by Lipman et al. (1978), unused after the study by 
Evans et al. (1980), is much closer to the date obtained in this study.  
 The dates reported in this study suggest that further study may be required to 
sort out age discrepancies between the older and younger dates. The error in the new 
Coyote Hills date is large enough to prevent unambiguous determination as to which 
unit, Coyote Hills or Cudahy Mine, was emplaced earlier. Also, the data imply two age 
populations of grains, which may further confuse the issue. However, with a relatively 
small mean square weighted deviation (MSWD) value (Figure 3-4) and similar weighted 
mean and isochron values, the calculated date likely represents the best estimate of the 
eruption age of the Coyote Hills rhyolite. Similarly, the probability distribution of the 
sanidine grains from the Cudahy Mine sample provides a compelling argument as to the 
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validity of the new date. The difficulty lies in assessing the reliability of the age 
information for the rest of the volcanic field. Accepting a new initiation age for 
volcanism at Twin Peaks of 2.35 Ma forces the entirety of the eruptions to have taken 
place almost simultaneously. However, the structural deformation that occurred 
between the two documented episodes of volcanism would require at least some time to 
pass between eruptions. It is more likely, therefore, that the accepted ages for units in 
the Twin Peaks volcanic sub-field are significantly older than the actual eruption ages. 
The basalt dates, in particular, are suspect, largely because they are whole rock dates 
rather than mineral separates dates. 
MAJOR AND TRACE ELEMENT CHEMISTRY 
Rock Classification 
 Major elements (SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, MnO, and 
P2O5) are useful for determining rock types, whether the rocks are alkaline or 
subalkaline, and whether subalkaline rocks are calc-alkaline or tholeiitic in nature. 
Although rocks of the Twin Peaks volcanic field span a range of SiO2 content from 47 to 
76 weight percent SiO2, a conspicuous gap in compositions between 59 and 72 weight 
percent SiO2 makes the volcanic field bimodal in nature. Several samples from each unit 
were plotted on the total alkalies versus silica diagram from LeBas et al. (1986) (Figure 
3-5a). The Coyote Hills, Cudahy Mine, North and South Twin Peaks, and Mid-dome all 
fall in the rhyolite field. The lower Cove Creek unit falls in the andesite field, while the 
upper Cove Creek unit is basaltic. The lowermost proto-Cove Creek mafic flow, along 
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with the Burnt Mountain 3 unit, is also basalt. Burnt Mountain 1 and 2 units are both 
basaltic andesites. 
 As with nearly every other unit in the Black Rock Desert volcanic field (Johnsen 
et al., 2010), rocks of the Twin Peaks volcanic field are considered subalkaline according 
to the classification of Irvine and Baragar (1971; Figure 3-5b). Subalkaline rocks are 
further subdivided into the iron-enriched or tholeiitic trend and the calc-alkaline trend 
using an AFM diagram, which can be helpful in determining the tectonic setting of the 
volcanoes, especially in older volcanic fields. Calc-alkaline rocks are typically restricted 
to continental volcanic arcs (e.g., Winter, 2009), although they can also be present 
during the early stages of continental rifting (e.g., Christiansen and Lipman, 1972; 
Johnsen and Smith, 2011). Tholeiitic rocks that are not from mid-ocean ridges are 
common in oceanic volcanic arcs (e.g., the Aleutian and Kamchatka arcs) and are the 
primary constituent of flood basalt provinces such as the Columbia River or Snake River 
Plain basalts (e.g., Hughes et al., 2002). Tholeiites are also common in continental rift 
zones, including along the western margin of the Colorado Plateau, where the Twin 
Peaks volcanic field is located (Johnsen et al., 2010). Rocks from the Twin Peaks 
volcanic field define a calc-alkaline trend, although the basalts of Cove Creek and Burnt 
Mountain both straddle the boundary between the tholeiitic and calc-alkaline fields on 
the AFM diagram (Figure 3-5c). 
Major Element Trends in Episode 1 and Episode 2 Units 
 Both episode 1 and episode 2 rocks follow similar trends in major element 
chemistry with successive eruptions (Figure 3-6). Each episode is characterized first by 
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the eruption of low-silica rhyolites, followed by eruptions of increasing SiO2 content to 
high-silica rhyolites, which are then followed by eruptions of decreasing silica content. 
The final eruptions of both episodes are basaltic. Other major elements behave similarly 
between episodes as well, including general decreases in, followed by increases in, TiO2, 
Fe2O3, MgO, and CaO (Figure 3-6). Al2O3, Na2O, K2O, and MnO are more scattered 
(Figure 3-6). Plotting major elements against SiO2 with emphasis on the eruptive 
episodes rather than single eruptive units helps illuminate differences between the two 
episodes among rocks with similar bulk compositions. The rocks of both episodes 
behave similarly; however, the mafic rocks of episode 1 (proto-, lower, and upper Cove 
Creek) are slightly iron-enriched relative to the mafic rocks from episode 2 (Burnt 
Mountain 1, 2, and 3) (Figure 3-7). TiO2 contents are similarly enriched for episode 1 
relative to episode 2 mafic rocks. The pattern is far less apparent in MgO 
concentrations, although episode 1 rocks are MgO-depleted relative to episode 2 rocks. 
In terms of major elements, felsic rocks from both eruptive episodes are nearly 
identical. 
Trace Elements 
 Trace elements, those elements typically present in low concentrations, such as 
Sc, Rb, Ba, Sr, Y, Zr, Nb, and the rare earth elements (REE), are useful for discerning 
petrogenetic processes in igneous rocks. The trace elements are plotted in two ways: by 
using spider diagrams, which show the trace element variation relative to a mantle 
reservoir (Figure 3-8), and by using element variation diagrams in which various trace 
elements are plotted against SiO2 (Figure 3-9). On a chondrite-normalized spider 
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diagram, mafic rocks from both eruptive episodes in the Twin Peaks volcanic field 
exhibit flat rare earth element patterns, a trait that is shared with mafic rocks in the 
rest of the Black Rock Desert volcanic field (Johnsen et al., 2010) and is typical of other 
tholeiitic fields (e.g., Snake River Plain; Hughes et al., 2002). Rhyolitic units from both 
episodes exhibit variable depletions in Eu relative to chondrite, with the Cudahy Mine 
tuff having the most pronounced Eu depletion (the lowest value on the spider diagram). 
With the exception of the Cudahy Mine rhyolite, all rhyolites from Twin Peaks have 
steep slopes in light REE relative to chondrite, indicating a pronounced enrichment in 
La and Ce in those units (Figure 3-8). 
 The trace elements Zr, Ce, La, and Rb were chosen as comparison elements to 
illustrate differences between the two eruptive episodes. Figure 3-9 shows two columns 
with the same trace element diagrams. In the left column, the two eruptive episodes are 
emphasized, and in the right column the symbols used for each eruptive unit are shown. 
The left column highlights the differences between the mafic units of episodes 1 and 2. 
Episode 2 rocks become more highly enriched in Zr, La, Ce, and to a lesser extent Rb, 
than episode 1 rocks with similar SiO2 contents.  
Whole Rock Isotopes 
 Whole rock isotopes provide information about petrogenetic processes, 
including magmatic sources and magma interaction. One of the most common isotopic 
diagrams plots the initial Sr ratio, (87Sr/86Sr )i, against initial Nd ratio (143Nd/144Nd)0 or 
εNd, usually with the values for known mantle reservoirs plotted for reference). In the 
case of the Twin Peaks volcanic field, one interesting feature is that each unit (Lower 
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Cove Creek, Upper Cove Creek, Burnt Mountain 2, Burnt Mountain 3, Coyote Hills, 
Cudahy Mine, and North Twin Peak) contains a different isotopic signature, which rules 
out the possibility of a single source for the units (Figure3-10c). Using the (87Sr/86Sr)i 
versus (143Nd/144Nd)0 and 206Pb/204Pb versus 207Pb/204Pb mantle diagrams of Zindler and 
Hart (1986), mafic rocks from the Twin Peaks volcanic field fall into or close to the 
Enriched Mantle 1(EM 1) mantle domain (Figure3-10a and 3-10b). EM 1 is a reservoir 
defined by the compositions of rocks forming certain ocean islands and is thought to 
represent a mixture of enriched lower mantle plume material (magma that would be 
chondritic in composition) and recycled oceanic material (e.g., subducted oceanic crust 
and sediment that sinks to the core-mantle boundary) (Zindler and Hart, 1986; Winter, 
2009). Although no mantle plume exists beneath the Twin Peaks volcanic field, rocks 
falling into the EM 1 field may suggest that mantle-produced magmas at Twin Peaks 
were contaminated by lower crustal material or by ancient lithospheric mantle material, 
both of which produce a similar mantle signature. 
Chemistry Discussion: The Role of Contamination and Magma Mixing 
 The Twin Peaks volcanic field is a complex magmatic system, meaning that 
eruptive products span a range of volcano types and compositions and overlap 
geographically. Complex systems usually result in eruptive products showing magma 
mingling or mixing textures and/or signs of contamination either by magma chamber 
host rock, earlier fully crystallized magma chambers, or injection of new magma, most 
of which are in evidence in the Twin Peaks volcanic field. At first glance, it appears that 
the entirety of the Twin Peaks magmatic system evolved through the mixing of two 
71 
 
end-members: a partial melt of a mantle source (the basalt of Upper Cove Creek or 
Burnt Mountain 3) and a partial melt of an upper crustal source (the rhyolite of Cudahy 
Mine). A simple mixing curve produced on a Sri versus εNd plot between the two end-
member units shows a reasonably good fit for every other unit found in the Twin Peaks 
volcanic field (Figure3-11a). Mixing models on a Sr versus (Zr/Rb) plot also produce 
nearly all other rock units with Cudahy Mine rhyolite and one of the basaltic units as 
the end-members (Figure3-11b). However, it is already known that the Twin Peaks 
volcanic field erupted in two episodes, each beginning with felsic eruptions and ending 
with basalt, which precludes a simple end-member mixing for the entire field. The 
following paragraphs illustrate the differences in process occurring between the two 
eruptive episodes. 
 In episode 1, each unit taken separately appears to involve independent partial 
melts of different source material. Only the barest hint of contamination exists in these 
early units, with the Coyote Hills rhyolite domes containing quenched felsic material 
and xenoliths with orthopyroxene reaction rims. The Upper Cove Creek basalt contains 
sparse xenoliths of Lower Cove Creek basalt, although it is unclear whether these were 
incorporated into the magma chamber or into the lava during flow. Plagioclase traverses 
using the EPMA reveal only small-scale oscillations in anorthite content within each 
unit, suggesting little to no renewed magmatic input. However, changes in both bulk 
SiO2 content and overall anorthite plagioclase compositions with successive eruptions 
present a more complex picture than seen within individual units (Figure3-6). A 
combined feldspar diagram is presented in Figure3-12 for the Episode 1 units, along 
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with a schematic magma chamber. Taken together, the plagioclase grains traverse the 
compositional range from oligoclase to bytownite, with progressively younger units 
containing progressively more anorthitic plagioclase, with the exceptions of Coyote 
Hills and Cudahy Mine, which are reversed in stratigraphic order. Similarly, SiO2 
content decreases with successive eruptive units, once again with the exceptions of 
stratigraphic reversal in Coyote Hills and Cudahy Mine (Figure 3-6). These phenomena 
have been noted in many large-volume ash-flow tuffs erupted from large calderas. For 
example, pumice populations from the Crater Lake caldera (which represent the juvenile 
or primary volcanic material in explosive eruptions) are rhyodacitic at the base of the 
tuff and andesitic at the top. This chemical zonation was caused by a sustained eruption 
that tapped a zoned magma chamber which was SiO2-rich at the top and SiO2-poor at its 
base (e.g., Hildreth, 1981; Suzuki-Kamata and Kamata, 1993).  
 Zoned magma chambers typically form through crystal fractionation, settling, 
and compaction as the magma chamber evolves (e.g., Hildreth, 1979, 1981). However, 
differentiation through fractionation requires a single parental magma, which means, 
on the timescale of magma processes, that long-lived isotopic systems such as Rb-Sr and 
Sm-Nd would not differ appreciably among the differentiated rock types. The Sr and Nd 
isotopes in the Twin Peaks volcanic field (Figure3-10) differ significantly from the 
Upper Cove Creek basalt (Sri=0.7055, εNd=-6) to the Cudahy Mine rhyolite (Sri=0.710, 
εNd=-13), a change that would preclude crystal fractionation alone. It is therefore likely 
that, although the episode 1 units could easily have been part of a large, compositionally 
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zoned magma chamber, the compositional stratification would have been the result of 
an open system process rather than crystal fractionation. 
 The units of episode 2 are more heterogeneous than those of episode 1. 
However, the eruptive sequence is very similar to that of epsiode 1. Although the 
rhyolites of North and South Twin Peak are relatively internally homogeneous, their 
eruptions resulted in a pattern similar to that of the silicic units of episode 1: an 
increase in bulk SiO2 content with progressive eruptions. The Burnt Mountain center is 
a compound cinder cone with at least three compositionally distinct units that 
progressed from andesite to basalt. Once again, the compositional changes are similar 
to those exhibited in episode 1 mafic rocks. Although EPMA data have not yet been 
obtained, petrographic data on the Burnt Mountain 1 unit (andesite) reveals the 
presence of at least two magmas, including small quenched “blebs” that exhibit spinifex 
texture. Plagioclase grains are partially melted, with some exhibiting euhedral growth 
over an anhedral and melted core and others exhibiting the opposite. At the outcrop 
scale, Burnt Mountain 1 rocks contain horizontally elongate stringers of glassy black 
inclusions. It is not yet known whether the stringers represent a separate magma from 
the Burnt Mountain unit, or if they are vitric zones within a single flow unit. Burnt 
Mountain 2 (basaltic andesite) contains plagioclase compositions spanning a range 
from ~An40 to An70. Most of the variation is contained in anhedral and badly sieved 
cores of large (up to 5 millimeters) plagioclase grains. Smaller crystals are 
compositionally similar to the euhedral rims of larger grains. The anhedral plagioclase 
grains decrease up-section within the Burnt Mountain units, disappearing entirely in 
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the uppermost flow of Burnt Mountain 3. Analysis of nearly 50 samples revealed that 
each of the Burnt Mountain units exhibits a continuum of chemical variation, with bulk 
SiO2 contents ranging from 52-55 weight percent for Burnt Mountain 2, 55-56 weight 
percent for Burnt Mountain 1, and 49-51 weight percent for Burnt Mountain 3. Overall 
petrography is similar, with the exception of the badly sieved plagioclase grains 
decreasing and a general increase in olivine up section. The general changes in the 
Episode 2 rocks are interpreted as the result of two processes: chemical zonation due to 
stratification of the rejuvenated Twin Peaks magma chamber and re-equilibration of the 
magma and/or eruption due to new injections of mafic magma. Sr and Nd isotopes 
support an overall mixing model, with similar trends seen in the Burnt Mountain 3 
basalt (Sri=0.705, εNd=-7.5) to the North Twin Peak rhyolite (Sri=0.7075, εNd=-13) as in 
Episode 1 units. 
DISCUSSION: IS IT A CALDERA? 
Caldera Types: A Brief Overview 
 Although the classic caldera as described by Lipman (1997) is well-studied, other 
types of volcanic depressions, such as downsag and trapdoor calderas (Walker, 1984), 
are not as well-known. Yet another type of caldera, which forms as a result of magma 
migration away from the main volcanic edifice, is documented most often at basaltic 
volcanoes such as Kilauea in Hawaii where the summit caldera forms from magma 
migration and eruption along rift zones on the flanks of the volcano. The 2000 eruption 
of the Miyakejima Volcano in the Izu-Bonin Arc southeast of Tokyo, for example, 
formed a caldera at the volcano’s summit as a result of lateral migration and eruption 
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several kilometers west of the main volcano (Geshi et al., 2002). Although the 
phenomenon of magma migration is far more common in basaltic volcanoes, it has also 
been documented at more silicic calderas.  
 Perhaps the most well-known example of a silicic caldera forming through 
magma migration is the combined Novarupta-Katmai eruption of 1912 (Hildreth and 
Fierstein, 2000, and references therein). The Katmai stratovolcano, located in 
southwestern Alaska, experienced a sudden caldera collapse at its summit, without an 
actual eruption. Ten kilometers to the west of the Katmai Volcano, where volcanic 
activity had been previously non-existent, a sudden explosion occurred, forming the 
tuff that would fill the valley later known as the Valley of Ten Thousand Smokes. 
Subsequently, a small rhyolite dome, Novarupta, formed at the site of the tuff vent. 
Later, it became apparent that the magma chamber just beneath the Katmai Volcano 
had been catastrophically drained to the west and evacuated at the newly formed 
Novarupta Volcano. The void left by the sudden magma migration caused collapse of 
the overlying rocks and formation of the Katmai Caldera. Recently, such “non-eruptive” 
calderas have also been recognized in the San Juan Volcanic Field (e.g., the Cochetopa 
Park caldera; Lipman and McIntosh, 2008). Based on mapping conducted for this study, 
the Twin Peaks volcanic field may represent such a non-eruptive caldera. 
Positing an Eruptive Sequence, Assuming the System is a Caldera: 
 Pre-caldera eruptions at Twin Peaks consisted mostly of the Coyote Hills 
rhyolite, which formed an arcuate ridge of domes in the western half of the field 
(Figure3-13a). A schematic diagram on Figure3-13a shows a model cross section of the 
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Twin Peaks system. Note that the location of the magma chamber is somewhat 
arbitrary and both horizontal and vertical scales are schematic. Although Coyote Hills is 
the only dated pre-caldera unit, we hypothesize that other rhyolitic units were erupted 
prior to caldera subsidence, perhaps including the rhyolite of Mid-dome and the 
“Coyote Hills” rhyolites present around North Twin Peak, which are chemically distinct 
from Coyote Hills rhyolite (see stratigraphic description above). The approximately 2.5 
Ma age for Mid-dome suggests these hydrothermally altered rhyolites may be related to 
the post-caldera Twin Peaks domes; however, we suggest that they instead represent 
another pre-caldera unit. Evidence includes: 1) the date on Mid-dome is older than the 
date on either Twin Peak unit, 2) hydrothermal alteration of both Mid-dome and 
Coyote Hills rhyolites is more extensive than alteration of the North Twin Peak and 
South Twin Peak, suggesting Mid-dome and Coyote Hills rhyolite emplacement prior to 
either Twin Peak dome, and 3) the eastern outcrop of Cudahy Mine ash-flow tuff related 
to caldera collapse contains blocks of highly porphyritic rhyolite that are chemically and 
mineralogically similar to Mid-dome rhyolite. 
 It is unclear whether the Cudahy Mine rhyolite (Figure3-13b) was largely 
extruded prior to the formation of the Twin Peaks caldera or if it was extruded during 
or after caldera formation. However, based on chemical similarities of both the 
lacustrine reworked tuff and the primary tuff to the Cudahy Mine rhyolite, the eruption 
of the Cudahy Mine unit resulted in the formation of a 100-meter-deep caldera. 
Eruptions of Cudahy Mine rhyolite occurred in the western half of the volcanic field, but 
the area of subsidence is located in the eastern half of the volcanic field. This spatial 
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relationship implies that the location of the magma chamber that was tapped by the 
caldera-forming Cudahy Mine eruptions was about 10 kilometers east of the actual 
eruptive vents. A schematic cross section showing the location of the magma chamber 
at the time of Cudahy Mine eruptions is included with Figure3-13b. 
 After caldera formation, the area of subsidence was filled with sediments and a 
lake (Figure3-13c). Reworked pyroclastic material comprises the bulk of the sediment 
package, with nearly pristine pumice fragments, quartz, feldspar, and obsidian forming 
graded beds ranging from a few centimeters to over 1 meter in thickness. The 
pyroclastic material is cemented with calcite and often contains small gastropod shell 
fragments. The reworked material is capped by a massive limestone unit about 5 meters 
thick. Magmatic activity appears to have shifted east to the area of subsidence and 
includes the proto-Cove Creek basalt flow (from an unknown vent) and a 
phreatomagmatic eruption of Cudahy Mine rhyolite.  
 After this final episode of Cudahy Mine eruptions, sedimentation and phreatic 
eruptions ceased, indicating a drop in water level in the caldera. However, the 
depression was not yet filled, as evidenced by the Lower and Upper Cove Creek mafic 
lavas that were erupted subaerially (Figure3-13d). The Lower Cove Creek andesite was 
erupted from a cinder cone near the southern margin of the caldera and flowed north 
for 10 kilometers before coming to rest near the future location of South Twin Peak, 
while the Upper Cove Creek basalt erupted from an unknown vent and appears to have 
flowed mostly south and east. The restricted geographic extent of the Cove Creek units 
suggests emplacement and confinement within the caldera walls. 
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 After the final eruptions of the Cove Creek units, the Twin Peaks caldera 
experienced a period of magmatic resurgence, resulting in the formation of the Cove 
Creek dome. Uplift related to an intrusion in the southern half of the field exposed an 
old fluvial succession below the caldera-fill sedimentary package and tilted both the 
sediments and the Cove Creek units radially away from the core of the uplift. Although 
the gravity survey conducted by Carrier and Chapman (1981) found no evidence for a 
dense, mafic intrusion, they acknowledged the possibility of a low-density intrusion of 
granitic composition. Uplift possibly related to the same intrusive event tilted the Cove 
Creek basalt in the northeastern portion of the volcanic field, although afterward the 
magma appears to have migrated away or erupted, as the area is now a topographic low. 
It is still unclear if the North and South Twin Peak (Figure3-13e) composite rhyolite 
domes were emplaced before or after the formation of the Cove Creek dome, since they 
are largely geographically separate from the tilted section, and it is difficult to 
determine if flow-banded rhyolite is tilted or not. However, the South Twin Peak 
rhyolite does intrude gently tilted (<10°N) lower Cove Creek andesite, which, along with 
the probability that caldera resurgence is involved with subsequent magmatic activity, 
suggests emplacement of both Twin Peak domes after the tilting of the intracaldera 
units. 
 Figure3-13f shows the location of the final magmatic activity in the Twin Peaks 
field, along with a schematic cross section. The Burnt Mountain compound cinder cone 
was formed just east of the axis of the Cove Creek dome. Beginning as an andesitic unit, 
the eruption produced three chemically separate units which flowed down the eastern 
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flank of the Cove Creek dome and exited the caldera through a topographic low between 
two Cove Creek basalt exposures (Figure3-13f). The Burnt Mountain units clearly 
postdate formation of the dome, flowing around resistant Cove Creek outcrops and are 
untilted. The Burnt Mountain flows are cut by several faults, although they are small 
magnitude (<2 meters), nearly vertical, and have approximately the same strike as 
regional normal faults in the Black Rock Desert (figure 3). 
 After the final eruptions at Twin Peaks, there was a period of quiescence that 
lasted one million years. At approximately 1.5-1.3 Ma, the period of quiescence ended 
and eruptions occurred again in the Twin Peaks area. In the south, the Black Rock flows 
were erupted from vents along the eastern margin of the Mineral Mountains (Clark, 
1977; Nash, 1986; Johnsen et al., 2010), while in the north, the tholeiitic suite of the 
Beaver Ridge volcanic field was produced (Hoover, 1974; Nash, 1986; Johnsen et al., 
2010). Given the nature of repeated activity in the Black Rock Desert volcanic field, it is 
interesting that no younger eruptions occurred in the Twin Peaks volcanic sub-field.  
Difficulty in Calling the Twin Peaks System a Caldera 
 Perhaps the biggest obstacle to calling the Twin Peaks volcanic system a caldera 
is that there is no visible caldera margin in the Twin Peaks volcanic field. Although the 
earliest known eruptions at Coyote Hills form an arcuate outcrop pattern reminiscent 
of partial ring fractures documented at other well-known calderas (e.g., Lipman, 2000), 
the rest of the Twin Peaks volcanic field is lacking in any obvious bedrock unit 
truncation that would indicate the presence of a caldera. Further, the outcrops of 
lacustrine and tuffaceous sediments that dominate the central and eastern portions of 
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the volcanic field are not present in the chemically equivalent Cudahy Mine rhyolite 
domes and flows in the western half of the field (figure 3), which would indicate a lack 
of subsidence in the western half of the field, where the arcuate domes are located. 
 The Twin Peaks volcanic field also lacks much evidence of significant volumes of 
welded or partially welded outflow tuff that would indicate the presence of a caldera 
(Lipman, 2000). Although primary Cudahy Mine ash-flow tuff crops out in several 
locations in the volcanic field, principally along the margins, the unit is generally less 
than 5 meters thick and does not extend for distances beyond a few hundred meters. In 
contrast, ash-flow tuffs at known calderas often exceed 100 meters in thickness and 
extend for several 10s or 100s of kilometers from their source. However, the Twin 
Peaks volcanic field is located in a valley where topographic relief is minimal. Therefore, 
any ash-flow tuff would likely have spread out over a wide area and would not have 
attained much thickness outside of the caldera walls. Further, the Sevier and Black Rock 
Deserts in which Twin Peaks resides contain active fluvial systems (the Beaver River), 
active normal fault systems, and active post-Twin Peaks volcanism, all of which would 
have quickly covered and/or eroded any ash-flow tuff that was not highly welded. 
 A gravity survey conducted by Carrier and Chapman (1981) found a significant 
gravity low present beneath North Twin Peak and the northern exposures of the 
Cudahy Mine rhyolite domes. The gravity low extends nearly the entire width of the 
volcanic field and was interpreted as a large (up to 500 km3) granitic intrusion (Carrier 
and Chapman, 1981). However, the authors also suggested that, rather than a large 
granitic body, the gravity low could be interpreted as a combination of both granite and 
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ash-flow tuff related to a caldera-forming event, because the density of the tuff and 
granite are similar (Carrier and Chapman, 1981). It has already been demonstrated that 
approximately 10 km3 of reworked pyroclastic material exists on the Cove Creek dome 
(Crecraft et al., 1981) because the uplift event exposed the section underlying the Cove 
Creek basalts to the base of the volcanic section. If this were extended to include a 
portion of the material found in the gravity survey beneath North Twin Peak, then the 
volume of known ash-flow tuff would increase significantly, perhaps enough to justify 
the presence of a caldera. 
 If there truly is a caldera in the Twin Peaks Volcanic Field, one final problem lies 
in identifying its margins. Since no ring fracture is visible, other methods must be 
utilized. Haugh (1978) suggested a caldera stretching nearly the entire width of the 
volcanic field, using both the arcuate outline of Coyote Hills rhyolite and the presence 
of a broad, roughly circular gravity low as a guide (Figure3-14a). Similarly, Carrier and 
Chapman (1981) showed a broadly circular gravity low traversing the same area, with 
punctuated highs beneath North Twin Peak and near the axis of the Cove Creek dome 
(Figure3-14b). However, little evidence of actual subsidence exists in the western half of 
the field. Using the extent of lacustrine sediment outcrops to delineate the margins of 
the caldera is perhaps the most conservative method of caldera identification and 
results in a north-south oriented caldera approximately 10 kilometers wide and 12 
kilometers long (Figure3-14c). 
An Alternative Possibility 
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 Although the evidence for a caldera in Twin Peaks is compelling, the possibility 
remains that no caldera exists. Subsidence can easily be created by continuous depletion 
of a magma chamber without catastrophic collapse of the overlying ground if the 
magma chamber is continually tapped to produce volcanic eruptions. The exposed 
volume of Cudahy Mine rhyolite is approximately 2 km3, not including pyroclastic 
material present in the sediment package within the Cove Creek dome. Cudahy Mine 
rhyolite is remarkably homogeneous in both chemistry and petrography, suggesting 
eruption over a fairly short time period. With that much material erupted over a short 
time period, it is feasible that the eruptions caused ground subsidence without forming 
a true caldera. In short, the Twin Peaks Volcanic Field could be just a rhyolitic dome 
complex punctuated by a few mafic eruptions, similar to the Cove Fort volcanic field to 
the south. 
CONCLUSIONS  
♦ Based on available data, the Twin Peaks volcanic field may represent a caldera-
forming event and the mechanism of caldera formation may involve magma 
migration away from the area of subsidence. 
♦ Eruptions of the Twin Peaks volcanic field took place in two magmatic pulses, 
separated by a period of magmatic resurgence that caused uplift in the southern 
portion of the volcanic field. 
♦ The two magmatic pulses resulted in similar eruptive sequences, probably 
caused by the formation of magma mixing-related zoned magma chambers. 
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♦ The two magmatic pulses began with low-SiO2 rhyolite eruptions, progressed to 
high-SiO2 rhyolite eruptions, and were then replaced by mafic eruptions 
beginning with andesite and ending with basalt. 
♦ The first magmatic pulse, or episode, preserved very little evidence for magma 
mixing, although contamination is obvious in most units. Isotopic compositions 
suggest mixing of mantle and crustal end-members to produce all rock types; 
however, trace elements appear to favor contamination instead. 
♦ The second magmatic episode preserved considerable evidence for magma 
mixing, including quenched mafic inclusions within the mafic units and 
inherited plagioclase grains. 
FUTURE WORK 
In the future, more precise dates will be obtained on the other Twin Peaks units 
in order to resolve the discrepancy in old and young dates. Field mapping will be 
completed at the southern margin of the volcanic field where the Paleozoic strata of the 
Pahvant Range comes into contact with the volcanic pile of Twin Peaks, with the goal of 
identifying a caldera margin. Mineral and isotope chemistry will be furthered on the 
episode 2 rocks, as data for those units are lacking. A full petrogenetic model for the 
Twin Peaks volcanic field is in the process of being written. 
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TABLES AND FIGURES 







(Ma) Material Reference 
Coyote Hills CC77-15 2.74 0.1 Sanidine Evans and others (1980) 
  CC79-2 2.67 0.1 Plagioclase Evans and others (1980) 
Mid-Dome CC77-20 2.51 0.08 Sanidine Evans and others (1980) 
Cudahy Mine CC77-9 2.63 0.1 Whole Rock Evans and others (1980) 
  CC77-18 2.54 0.09 Whole Rock Evans and others (1980) 
  CC79-8 2.63 0.09 Whole Rock Evans and others (1980) 
  CC77-19 2.43 0.12 Whole Rock Evans and others (1980) 
Upper Cove Creek DV8L 2.53 0.52 Whole Rock Crecraft and others (1981) 
  DV8U 2.62 0.25 Whole Rock Crecraft and others (1981) 
North Twin Peak CC77-4 2.35 0.08 Sanidine Evans and others (1980) 
  CC78-30 2.43 0.08 Sanidine Evans and others (1980) 
South Twin Peak CC77-8 2.35 0.08 Sanidine Evans and others (1980) 
   -- 2.33 0.12 -- Lipman and others (1978) 
   -- 2.35 0.14 -- Leudke and Smith (1978) 
Burnt Mountain 2 79-2 2.22 0.51 Whole Rock Nash (1986) 








Figure 3-1. Generalized geologic map showing the locations of Pliocene to Holocene 
volcanic fields in northern Arizona and southern to central Utah. Twin Peaks volcanic 
field is red for emphasis. Map inset shows location of larger map (purple outlined box) 
relative to physiographic provinces in the western United States, along with locations of 








Figure 3-2. Generalized geologic map of the Black Rock Desert volcanic field showing 
the ages and locations of the different subfields discussed in the text. Twin Peaks 








Figure 3-3. Geologic map of the Twin Peaks volcanic field. Unit names as in legend on 






Figure 3-4. New 40Ar/39Ar single crystal sanidine dates. A) Coyote Hills rhyolite inverse 








Figure 3-5. Major element classification diagrams. A) Rock classification using total 
alkalis versus SiO2 (LeBas et al., 1986). B) Classification of rocks as subalkaline or 
alkaline using the total alkalis versus SiO2 (Irvine and Baragar, 1971). C) Classification 







Figure 3-6. Plots showing major element (y-axis) variation with age (x-axis). This 
diagram emphasizes the two-episode nature of volcanism in the Twin Peaks volcanic 
field. Note: that the age division between episode 1 and episode 2 eruptions is at ~2.47 








Figure 3-7. Major element variation diagrams emphasizing the eruptive episodes. 
Episode 1 mafic rocks are filled purple diamonds, episode 1 felsic rocks are open purple 
diamonds, episode 2 mafic rocks are filled red circles, and episode 2 felsic rocks are open 







Figure 3-8. Spider diagrams of rare earth elements in Twin Peaks rocks with the rocks 








Figure 3-9. Trace element variation diagrams with SiO2 on the x-axis. Y-axis elements 
include: A) Zr, B) Ce, C) La, and D) Rb. The first column uses the same symbols as figure 







Figure 3-10. Whole rock isotope plots. A) 206Pb/204Pb vs. 207Pb/204Pb mantle iagram 
from Zindler and Hart (1986). B) 87Sr/86Sr vs. 143Nd/144Nd mantle diagram from Zindler 
and Hart (1986). C) 87Sr/86Sr vs. εNd diagram. D) 206Pb/204Pb vs. 207Pb/204Pb diagram 








Figure 3-11. Mixing models for Twin Peaks rocks. A) 87Sr/86Sr vs. εNd diagram with 
simple mixing curve drawn between Burnt Mountain 3 basalt and Cudahy Mine 
rhyolite. B) Sr vs. Zr/Rb plot with episode 2 rocks emphasized. Mixing curves using 
Burnt Mountain 3 as an endmember and North Twin Peak rhyolite (top curve) and 
South Twin Peak (bottom curve) as the second endmember. C) Sr vs. Zr/Rb plot with 
episode 1 rocks emphasized. Mixing curve between Upper Cove Creek basalt and 
Cudahy Mine rhyolite. AFC modeled using Upper Cove Creek as the parent and Lower 








Figure 3-12. Combined feldspar diagrams showing microprobe data from feldspars for 
episode 1 (bottom) and episode 2 (top). Schematic magma chamber for episode 1 shown 




Figure 3-13a and 3-13b 
 
 
Figure 3-13. Stepwise maps of the Twin Peaks volcanic field emphasizing the eruptive 
sequence of the units. Each map contains a schematic cross-section at the bottom. A) 
Step 1, B) Step 2, C) Step 3, D) Step 4, E) Step 5, and F) Step 6. Colors of units same as 





Figure 3-13c and 3-13d 
 
 
Figure 3-13. Stepwise maps of the Twin Peaks volcanic field emphasizing the eruptive 
sequence of the units. Each map contains a schematic cross-section at the bottom. A) 
Step 1, B) Step 2, C) Step 3, D) Step 4, E) Step 5, and F) Step 6. Colors of units same as 





Figure 3-13e and 3-13f 
 
 
Figure 3-13. Stepwise maps of the Twin Peaks volcanic field emphasizing the eruptive 
sequence of the units. Each map contains a schematic cross-section at the bottom. A) 
Step 1, B) Step 2, C) Step 3, D) Step 4, E) Step 5, and F) Step 6. Colors of units same as 








Figure 3-14. Maps depicting caldera location and/or gravity anomalies from previous 
studies (A and B) and this study (C). A) Gravity low and caldera margin from Haugh 
(1978) with new geologic map for reference. Gravity lines and margin redrawn from 
figure 4 of Haugh (1978). B) Gravity map from Carrier and Chapman (1981) with new 
geologic map for reference. Gravity lines redrawn from figure 6 of Carrier and Chapman 
(1981). C) Approximate caldera margin using outcrops of limestone and reworked 




REBUILDING THE ENIGMA STRATOVOLCANO: WATCHING A MANTLE 
SIGNATURE DISAPPEAR 
 This manuscript has been prepared for submission to the Geological Society of 
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data, wrote the manuscript and drafted the figures. Dr. Walker generously provided the 
laboratory time and space for preparation and analysis of samples for Pb, Sr, and Nd 
isotopes of my samples. Dr. Ren provided lab time on the EPMA and helpful discussions 
of the data. Dr. Smith helped edit and organize the manuscript, along with providing 
helpful discussions of the data for interpretation. 
ABSTRACT 
 Alkaline mafic rocks with unusually enriched compositions, containing elevated 
volatiles, P, Zr, LREE, and Sr contents, crop out at the base of the Miocene volcanic pile 
throughout the northern Colorado River extensional corridor (NCREC) along the 
eastern margin of the central Basin and Range Province. These enriched compositions 
are in contrast to later pre-extensional volcanism in the NCREC, which was the typical 
calc-alkaline intermediate composition associated with the early phases of extensional 
activity in the rest of the Basin and Range Province. The focus of the study is on 
describing and characterizing the Enigma Volcano, a compound stratovolcano located 
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along the western margin of the NCREC in the McCullough Range of southern Nevada. 
Entirely pre-extensional, the Enigma Volcano preserves a protracted history from ~19 
to 15.6 Ma and is composed of a lower, highly-enriched mafic section, and an upper, 
calc-alkaline intermediate section. Because of its protracted history and excellent 
preservation, the Enigma Volcano provides a unique opportunity to probe mantle 
compositions at the onset of extension within the NCREC. 
 The source of the chemical enrichments in the lower Enigma Volcano and, by 
proxy, the lowermost Miocene sections throughout the NCREC is from partial melting 
of a melt-metasomatized and subduction-modified sub-continental lithospheric mantle 
(SCLM). Later pre-extensional volcanism of the upper Enigma Volcano and elsewhere in 
the NCREC was volatile- and incompatible element-depleted (compared to the lower 
Enigma Volcano) calc-alkaline intermediate composition, typical of the rest of the 
central Basin and Range. Rather than being the result of the tectonic transition from 
subduction to extension, we conclude that the change in composition between the lower 
and upper Enigma Volcano was due to first melting a volatile- and incompatible 
element-enriched SCLM, forming the lower Enigma Volcano, and then the depletion of 
fusible material from this source, which led to the volatile-poor SCLM magmas of the 
upper Enigma Volcano stalling in the crust and forming hybrid or mingled intermediate 
rock types. We further suggest that the enriched SCLM represents a mantle domain 
that was the source for the earliest magmatism in a large area of the NCREC. This 




 A key parameter for petrogenetic modeling of mafic igneous rocks is the 
composition of the mantle source material. While asthenospheric mantle compositions 
are well known from the study of primitive oceanic basalts and mantle xenoliths, the 
composition of lithospheric mantle, especially sub-continental lithospheric mantle 
(SCLM), is less well constrained. The SCLM has been melted and modified from the 
time of its formation and is therefore more heterogeneous than asthenospheric mantle. 
In the central Basin and Range Province (BRP) of western North America, magmatism 
preceded and continued through major middle Miocene (16 – 11 Ma) crustal extension, 
providing the opportunity to study how mantle source compositions changed through 
time (e.g., Fitton et al., 1991; Daley and DePaolo, 1992; Feuerbach et al., 1993; 
Hawkesworth et al., 1995). However, because of a lack of primitive mafic compositions, 
little is known about the composition of the lithospheric mantle prior to crustal 
extension in the central BRP. 
 Pre-extensional magmatism in the central BRP is here defined as the time period 
covering the passage of the Mendocino Triple Junction off the west coast of North 
America at ~20 Ma (e.g., Atwater, 1970) to the onset of upper crustal extension at ~15.2 
Ma (e.g., Faulds et al., 2001). Pre-extensional or Patsy Mine-age magmatism is generally 
calc-alkaline and intermediate in composition. However, cropping out at the base of the 
volcanic section in nearly every mountain range between Searchlight and Las Vegas in 
southern Nevada is at least one mafic unit with enriched volatile, LREE, HFSE, and LILE 
compositions. These units grade upward into typical calc-alkaline mafic to intermediate 
rocks that then grade into bimodal basalt-rhyolite compositions before finally becoming 
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dominantly basaltic. In the McCullough Range of southern Nevada, the enriched mafic 
portion of the volcanic section, part of the informally named Enigma Stratovolcano, is 
several hundred meters thick and is composed of high magnesium (8 – 13 %) basalt and 
basanite, along with andesites to basalts of moderate MgO composition (<7 %). 
Excellent preservation, minimal alteration, thick accumulation, and the presence of 
high magnesium, primitive basalt all provide a unique opportunity to study the 
character of the SCLM in the lull between subduction and extension in the central Basin 
and Range Province (BRP) and to determine whether the composition of the SCLM 
changed during this time interval. 
 During the Paleozoic to late Oligocene, subduction off the west coast of North 
America resulted in arc magmatism at its border. The influx of fluid and/or partial melts 
from the subducting slab fundamentally changed the character of the lithospheric 
mantle over time (e.g., Leeman and Harry, 1993; Harry and Leeman, 1995). Because no 
or very little magmatic activity occurred in the central BRP from late Proterozoic to 
Miocene, the enriched mantle compositions were preserved until the onset of 
magmatism just prior to extension. In this paper, geologic mapping, petrography, whole 
rock and mineral chemistry, and whole rock isotope analyses are utilized to study the 
Enigma Stratovolcano and answer the following questions about the SCLM beneath the 
northern Colorado River extensional corridor (NCREC) portion of the central BRP: 1) Is 
the source of the Enigma Stratovolcano lavas a lithospheric mantle domain, similar to 
that postulated for the Pliocene-Pleistocene Crater Flat volcanic field (Yogodzinski et 
al., 1996) and did this domain disappear as magmatism progressed? 2) What caused the 
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change from LREE-, volatile-, and HFSE-enriched mafic to typical calc-alkaline 
magmatism beneath the NCREC? Were these volatile- and incompatible element-
enriched compositions the result of melting a finite quantity, fusible, hydrated and 
metasomatized SCLM that was quickly depleted during the initial stages of magmatic 
activity in the NCREC? Alternatively, was the change due to a change in tectonic regime 
or depth of melting from lithosphere to asthenosphere? 
BACKGROUND 
Regional Geology (and Structure) 
 The McCullough Range is part of the northern Colorado River extensional 
corridor (NCREC; Figure 4-1), a 60-100 km wide zone of highly extended terrain that 
was subjected to mid-to-late Miocene crustal extension and early-to-late Miocene 
magmatism (e.g., Faulds et al., 2001). Prior to the formation of the NCREC, Paleozoic 
and Mesozoic strata were stripped from the area and deposited in paleo-channels, 
forming conglomeratic units that sit nonconformably on Precambrian crystalline 
basement. Known as the Kingman Uplift or the Kingman Arch, the event was the result 
of regional tumescence that began during the Cretaceous Laramide Orogeny and 
continued into the early Miocene (e.g., Lucchita, 1967; Bohannon, 1984; Herrington, 
2000; Faulds et al., 2001; Anderson and Beard, 2010). In the McCullough Range, the 




 The NCREC is underlain by 1.7 – 1.8 Ga early Proterozoic crystalline and 
metamorphic basement formed from the collision of several magmatic arcs that was 
then metamorphosed to granulite facies during the Yavapai orogenic event (e.g., 
Whitmeyer and Karlstrom, 2007). Granitoids, gneiss, and amphibolites of this age are 
exposed in and around the McCullough Range (Bingler and Bonham, 1974; Anderson et 
al., 1985). Also present in some locations is a 1.4 Ga granite, the Beer Bottle Pass pluton 
(Christensen, 1994), which is part of a belt of “anorogenic” granites of approximately 
the same age (e.g., Anderson and Bender, 1989). The lithospheric mantle beneath the 
NCREC is part of the Mojave mantle province, with depleted mantle Nd model ages 
(TDM) of 2.0 – 2.3 Ga (Bennett and DePaolo, 1987). 
 Basin and Range extension began after a segment of the East Pacific Rise 
collided with and was subducted beneath western North America at approximately 28 
Ma (Atwater, 1970). As a result, a slab window opened, allowing asthenospheric mantle 
to well up and take the place of the absent Farallon slab (e.g., Schmandt and 
Humphreys, 2010). While surrounding areas of the BRP were subjected to moderate 
extension (20 – 40%), the NCREC was extended up to and locally exceeding 100% (e.g., 
Anderson, 1971; Faulds et al., 2001). Extensive magmatic activity within the NCREC 
preceded the major phase of extension by up to 3 million years, migrating northward at 
~3 mm/year. Peak extension occurred between 16 and 11 Ma in the vicinity of the 
McCullough Range, with maximum rates at 15 Ma, coinciding with the eruption of two 
voluminous regional ash-flow tuffs: the 15.2 Ma tuff of Bridge Spring and the 15.0 Ma 
tuff of Mount Davis (Faulds et al., 2002). Magmatism continued throughout extension 
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before waning after the major extensional episode and finally ceasing at 4.3 Ma 
(Feuerbach et al., 1993). Broadly, pre-extensional activity formed thick calc-alkaline 
intermediate volcanic sections that gradually gave way as extension progressed to 
bimodal basalt-rhyolite suites before becoming fundamentally basaltic in nature (e.g., 
Feuerbach et al., 1993), similar to elsewhere within the BRP (Christiansen and Lipman, 
1972). Major plutons exposed within the NCREC were typically formed 16 – 14 Ma 
(Faulds et al., 2001; 2002). 
Local Geology 
 The McCullough Range is located on the western margin of the NCREC in 
southern Nevada and is only moderately extended relative to the NCREC proper. Most 
of the volcanoes in the NCREC have been tilted, dismembered, and often severely 
hydrothermally altered, making petrogenetic modeling of individual volcanoes difficult. 
The McCullough Range, by contrast, contains a nearly complete volcanic section 
spanning over six million years of activity (Smith et al., 2010). Only moderately tilted, 
volcanoes are well preserved and only locally metasomatized. The McCullough Range 
records pre-extensional, syn-extensional, and post-extensional (major phase) 
magmatism. Pre-extensional magmatic activity in the McCullough Range is defined here 
as spanning the period just prior to the eruption of the 18.5 Ma Peach Spring Tuff 
(Nielson et al., 1990), a regional rhyolitic ash-flow tuff that erupted from a caldera in 
northwestern Arizona (Ferguson et al., 2012), to the emplacement of the tuff of Bridge 
Spring at 15.2 Ma, while syn-extensional activity covers the period between 15.2 Ma 
and around 14 Ma. The term post-extensional is here applied to volcanoes formed in 
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the McCullough Range that show no evidence of displacement by faults and mark the 
period from about 14 to 12 Ma. 
 Magmatism in the McCullough Range commenced at 19-20 Ma. Pre-extensional 
activity continued until about 15.5 Ma (Faulds et al., 1999), producing two large 
composite volcanoes, the McCullough Stratovolcano in the northern part and the 
Enigma Stratovolcano in the south-central part of the range (Figure 4-2). The volcanic 
section in the west-adjacent Lucy Gray Mountains was correlated with the section of the 
south-central McCullough Range (Johnsen and Smith, 2011). Syn-extensional activity is 
evidenced by growth faults in the vicinity of McCullough Pass (Smith, personal 
communication, 2006) and elsewhere in the NCREC by fanning dips in strata that 
decrease in magnitude up-section (Faulds et al., 2002). Syn-extensional magmatism is 
marked by the 15.2 Ma tuff of Bridge Spring and the overlying 15.0 Ma tuff of Mt. 
Davis, which form a 30 m-thick sequence in the vicinity of McCullough Pass (Johnsen 
and Smith, 2008; Figure 4-2), but is sourced elsewhere, most likely in the east-adjacent 
Eldorado Mountains (e.g., Morikawa, 1993; Gans et al., 1994). These ash-flow tuffs 
provide an excellent and easily identified stratigraphic marker throughout the NCREC 
(e.g., Faulds et al., 2001). McCullough Range-related syn-extensional volcanism is 
recorded as the high-magnesium Pumice Mine basaltic cinder cones and the rhyolite of 
the slightly younger 14.1 Ma 3 x 5 km McCullough Pass caldera (Schmidt, 1987). The 
caldera produced two local rhyolitic ash-flow tuffs, a rhyolitic dome complex, and 
basaltic-andesite flows (Schmidt, 1987; Sanford, 2001; Smith et al., 2010). North-
northeast trending lines of cinder cones and associated basaltic-andesite to andesite 
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flows of the Hidden Valley volcanic section were erupted during extension in the 
McCullough Range as well, although some faults terminate in the middle of the section 
in the vicinity of McCullough Pass. Upper portions of the Hidden Valley volcanic section 
include andesite domes petrographically and chemically identical to the oldest unit of 
the post-extensional Sloan volcanic section. The Sloan volcanic section of the 
northwestern McCullough Range, is composed entirely of intermediate rock types and 
forms a large dome complex (Bridwell, 1991). The oldest unit of the dome complex is 
13.1 Ma (40Ar/39Ar date, biotite; Table 4-1). The 12.3 Ma Henderson dacite dome 
complex dominates the northernmost portion of the McCullough Range. Neither the 
Sloan nor the Henderson volcanic sections show significant evidence of faulting and 
they mark the end of magmatism in the McCullough Range (Bridwell, 1991; Smith et al., 
2010). 
IN-DEPTH BACKGROUND OF PRE-EXTENSIONAL VOLCANOES IN THE 
MCCULLOUGH RANGE 
The McCullough Stratovolcano 
 The McCullough Stratovolcano has many characteristics of a classic 
stratovolcano, including somewhat radial, intermediate composition dike swarms and 
thick volcaniclastic sequences. West-tilted up to 45 degrees (but generally around 30 
degrees) (Boland, 1996), almost the entire volcano is exposed. Rocks of the McCullough 
Stratovolcano are often hydrothermally altered and contain few dateable mineral 
phases. However, the Railroad Pass Pluton, the inferred core of the lower portions of 
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the volcano, was dated at 14.98 ± 0.08 Ma (Faulds et al., 2001) and at 15.65 ± 0.43 Ma 
(U/Pb in zircon, Honn, 2012) (Table 4-1). Since the Railroad Pass Pluton intrudes at 
least the Lower Farmer Canyon andesite (described below), activity at the McCullough 
Stratovolcano commenced prior to 15.65 Ma. The uppermost Hidden Valley andesite is 
intruded by dacite of the 13.1 Ma Sloan volcanic section in the west and the 12.3 Ma 
Henderson dome complex in the north (Figure 4-2). The McCullough Stratovolcano is 
therefore older than 13.1 Ma. 
 The McCullough Stratovolcano is composed of four composite units, in addition 
to the Railroad Pass Pluton: 1) the Lower Farmer Canyon Andesite, 2) the Colony 
Dacite, 3) the Upper Farmer Canyon Andesite, and 4) the Fog Ridge Andesite. The 
Lower Farmer Canyon andesite is comprised of a series of hydrothermally altered 
andesite and dacite flows intruded by hundreds of dacite to andesite and granitic to 
dioritic dikes (Boland, 1996). The Colony Dacite is by far the most aerially extensive 
unit, with outcrops exposed near the pluton in the north, and then exposed nearly 
continuously along the eastern margin of the McCullough Range, south to McCullough 
Pass (Figure 4-2). The Colony Dacite is composed of basaltic-andesite to andesite flows 
and andesite to dacite domes and associated breccias (Boland, 1996; Smith et al., 2010). 
Many of the domes contain mafic inclusions up to 3 meters in diameter. Colony Dacite 
is intruded by tens of dacite and andesite dikes. The Upper Farmer Canyon andesite is 
composed predominantly of andesitic breccia, with thin interbedded flows. Several 
dikes intrude Upper Farmer Canyon flows, although the density is far less than in the 
lower units (Boland, 1996). The Fog Ridge andesite (Boland, 1996), renamed the 
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Hidden Valley andesite in Smith et al. (2010) due to its equivalent stratigraphic position 
to the Hidden Valley andesite of Schmidt (1987) at McCullough Pass, is the uppermost 
unit of the McCullough Stratovolcano and is composed entirely of basaltic andesite to 
andesite flows and associated cinder cones. 
The Enigma Volcano 
 The Enigma Volcano is more dismembered than much of the McCullough Range, 
making it difficult to properly determine stratigraphy. The general stratigraphy of the 
volcano, however, is summarized in Figure 4-3 and here is described in detail. Based on 
changes in chemical attributes and a general northward migration of the vents, the 
eruptive history of the Enigma Volcano is separated into two episodes. The first episode 
is informally named the Lucy Gray volcanic section, based on its type locality, and is 
composed primarily of volatile-enriched basalts and andesites. The second episode, the 
Eldorado Valley volcanic section, is based on mapping by Schmidt (1987) and 
subsequent work by Johnsen and Smith (2007, 2008) and Smith et al. (2010), and is 
composed predominantly of calc-alkaline andesite and dacite. Because this is the first 
description of the Enigma Volcano, we herein propose informal unit names. From 
oldest to youngest, the units are: Hopper Basanite, Greenie basalt, Fringe andesite, Lucy 
Gray breccia, Speckles basalt, McClanahan Spring basalt, Mama basalt, Velcro basalt, ED 
andesite, Beer Bottle Pass andesite, Strider andesite, Lilly rhyodacite, McClanahan 
Spring andesite, lower Cactus Hill basalt, McCullough Wash dacite, Eldorado Valley 
dacite, Eldorado Valley andesite, Cactus Hill basalt, Cactus Hill hornblende-basalt, and 
Cactus Hill dacite (Figure 4-3). 
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 The oldest unit in the Lucy Gray volcanic section, collectively called the Hopper 
Basanite, is highly porphyritic basanite and basalt (Figure 4-4a), erupted onto an 
uneven Precambrian surface and the McCullough Spring conglomerate. The lower 
basanite (HBL) contains olivine, clinopyroxene, and trace amounts of apatite set in a 
glassy groundmass, while the upper basalt (HBU) contains 50 – 60% phenocrysts of 
clinopyroxene, phlogopite, skeletal olivine, and apatite, set in a glassy groundmass. The 
Hopper Basanite is 3 – 30 m thick. The Peach Spring Tuff (PST) directly overlies the 
Hopper Basanite. Although itself undated, a similar composition basanite in the Black 
Mountains near the eastern margin of the NCREC was dated at 19.9 Ma (Faulds et al., 
1995), suggesting the Hopper Basanite may be much older than the overlying PST.  
Directly above the PST at one locale lies the Greenie basalt, a high-magnesium, 
olivine-and-clinopyroxene-phyric, alkali basalt flow with low potassium content (Figure 
4-4). Greenie basalt is less than three meters thick and crops out in only one location in 
the Lucy Gray Mountains. Also sitting directly on the PST, located south of the Greenie 
Basalt outcrop, is the Fringe Andesite, an andesite flow and accompanying breccia 
containing olivine and clinopyroxene set in fine-grained groundmass. Fringe Andesite 
also contains abundant mafic enclaves, faint compositional banding, and ubiquitous 
quartz, biotite, and amphibole xenocrysts.  
An abrupt change in composition is marked by a series of hornblende-
plagioclase-orthopyroxene ± clinopyroxene-phyric andesitic to dacitic block-and-ash 
and debris flows interbedded with ash-fall deposits, named Lucy Gray Breccia. Though 
variations exist between individual block-and-ash flow deposits, each deposit is largely 
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monolithologic, containing small blocks (or bombs) with concentric fractures and glassy 
rims that were presumably hot when deposited along with cold blocks in an ashy 
matrix. Individual breccia beds are up to six meters thick and total thickness of Lucy 
Gray breccia ranges from 5 to 40 meters.  
Yet another change in composition occurs within the Speckles basalt, a 
clinopyroxene-plagioclase-olivine-apatite-phyric basaltic-andesite to andesite unit 
composed of several flows separated by <0.3 m agglomerate layers. Speckles, like all 
other mafic rocks within the lower half of the Enigma Volcano, contains ubiquitous 
ultramafic inclusions of clinopyroxene + orthopyroxene ± olivine. Often interbedded 
with the high-aluminum McClanahan Spring basalt, Speckles comprises the bulk of the 
Lucy Gray volcanic section, attaining thicknesses up to 180 meters.  
Above Speckles are the Mama Basalt and the Velcro Basalt, a series of high-Mg 
basalt flows with olivine dominating the phenocryst assemblage. Velcro Basalt is 
present in only one outcrop in the McCullough Range and its relative stratigraphic 
position is currently unknown. Mama Basalt is up to 30 m thick and is covered variously 
by the tuff of Bridge Spring and an as-yet unmapped portion of the Lucy Gray volcanic 
section.  
The Josie Basalt, another high-Mg flow (<10 m thick), with phlogopite in 
addition to olivine and clinopyroxene as a phenocryst phase, is surrounded by 
fanglomerate deposits and as a result its stratigraphic position is unknown. The flow. 
The top of the Lucy Gray volcanic section is composed of a highly porphyritic andesite, 
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the ED andesite, with a coarsely-crystalline groundmass of plagioclase and interstitial 
glass and phenocrysts of plagioclase, olivine, and clinopyroxene. ED andesite also 
contains inclusions of clinopyroxene + olivine. The unit is up to 20 m thick in some 
locations.  
Andesite domes and flows dot the landscape of the Lucy Gray volcanic section, 
although their relative stratigraphic positions are currently unknown because 
intervening areas are covered by fanglomerate deposits. Beer Bottle Pass andesite 
contains ultramafic inclusions, olivine, plagioclase, amphibole, orthopyroxene, and 
clinopyroxene. The Strider andesite, a dome complete with underlying surge deposit, 
contains the same mineralogy as Beer Bottle Pass andesite with the addition of highly 
oxidized biotite and fewer ultramafic inclusions. A small rhyodacite dome, the Lilly 
rhyodacite, is present in the southern Lucy Gray Mountains and along the eastern 
margin of the McCullough Range. 
 In the south-central McCullough Range, where much of the Enigma Volcano is 
exposed, the Lucy Gray volcanic section is composed of fewer flows and more breccia 
toward the top of the section. At the northeastern terminus of the Lucy Gray volcanic 
section, basalt flows and breccias are abruptly truncated by a voluminous debris 
avalanche deposit, the McCullough Wash breccia, containing hydrothermally altered 
mafic clasts of various chemical affinities, along with primary hot blocks of hornblende- 
and plagioclase-bearing dacite. With the deposition of the McCullough Wash breccia, 
magmatic activity shifted slightly north.  
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 The Eldorado Valley volcanic section records a shift in magmatic activity to the 
north and represents the youngest eruptions from the Enigma Volcano. The Eldorado 
Valley volcanic section was described in detail in Smith et al. (2010), and is summarized 
here. Nearly entirely intermediate in composition, Eldorado Valley eruptions 
commenced with the eruption of the Lower Cactus Hill basaltic andesite flow.  This unit 
was in turn overlain and intruded by the plagioclase- and pyroxene-bearing dacite 
domes and flows of the McCullough Wash dacite. Identical composition, but aphyric, 
Eldorado Valley dome emplacement followed, with extensive collapse and associated 
pyroclastic activity. The hallmarks of this unit are the 6+ m diameter bombs found 
within the 250 m thick Eldorado Valley block-and-ash flow deposit. Eruptions became 
more mafic after this, with the emplacement of the agglomerate-rich Cactus Hill basalt 
and culminating in aphyric andesite domes and flows at 15.55 ± 0.02 Ma (Faulds et al., 
1999; Table 4-1), after which time activity at the Enigma Volcano ceased. 
GEOCHRONOLOGY 
Previously Dated Units 
 Although much of the Miocene section within the NCREC has been dated, few 
dates exist within the McCullough and Lucy Gray mountain ranges, mostly due to a lack 
of datable materials, notably potassium feldspar. The dates that are available are 
summarized in Table 4-1. However, the presence of two well-dated, regional-extent ash-
flow tuffs, the Peach Springs tuff and the Tuff of Bridge Spring, has allowed for 
correlation of pre-extensional volcanism across mountain ranges within the NCREC. 
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Although the Eldorado Valley volcanic section in the central McCullough Range was 
confirmed to sit below both the tuff of Bridge Spring and the tuff of Mt. Davis (Table 4-
1; Bridwell, 1991; Morikawa, 1993; Spell et al., 2001), ages of ash-flow tuffs in the Lucy 
grey Range were unknown. Therefore, two new dates were obtained to allow correlation 
to units in adjacent ranges. 
New 40Ar/39Ar Dates 
Methodology 
 Two single crystal 40Ar/39Ar dates were obtained in the Nevada Isotope 
Geochronology Laboratory (NIGL) at UNLV.  The first sample, from the base of the 
lower Enigma Volcano (11-LG27), is a rhyolitic ash-flow tuff similar in composition to 
the Peach Spring Tuff. The second sample, collected from the top of the section in the 
Lucy Gray Mountains (11-LG58), is a dacitic ash-flow tuff similar in composition to the 
Tuff of Bridge Spring. Both samples were chipped using a Bico Badger and then ground 
using a Bico Pulverizer. The samples were then sieved below 500 µm. Fifteen to 30 
sanidine grains from each sample were picked and sent to NIGL for cleaning with HF 
and argon analysis. The resulting dates were calculated based on the 28.02 Ma date of 
the Fish Canyon Tuff reported by Renne et al. (1998), which utilizes a decay constant of 
5.543 x 10-10 (Steiger and Jaeger, 1977). 
Results 
 The results of the two analyses are shown in Figure 4-5. J-values, MSWD, and 
individual sanidine dates are available upon request (Appendix 4). Sample 11-LG27, of 
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the lower tuff, has a weighted mean age of 18.62 ± 0.08 Ma, well within error of the 
reported 18.5 Ma date on the Peach Spring Tuff (Nielson et al., 1990). Sample 11-LG58, 
of the upper tuff, has a weighted mean age of 15.21 ± 0.05 Ma, which matches closely 
with published values for the Tuff of Bridge Spring (e.g., Bridwell, 1991; Faulds et al., 
2001, 2002). The new dates verify the identification of the two tuffs and provide 
stratigraphic markers to tie the stratigraphy of the Enigma Volcano to the regional 
geology. They also demonstrate that the Enigma Volcanic formed prior to the major 
period of crustal extension.  
CHEMISTRY AND ANALYTICAL METHODS 
Whole Rock Analytical Techniques 
 Major and trace element analyses were completed using a Panalytical Axios 
wavelength dispersive x-ray fluorescence spectrometer (WD-XRF). Fresh samples were 
collected in the field and chipped using a Bico Badger. Chips were screened for 
xenocrysts, xenoliths, alteration, and secondary minerals such as calcite and quartz 
before being powdered using a tungsten-carbide ball and puck mill and a Bico 
Shatterbox. Five grams of representative sample powders from each major unit were 
sent to Activation Laboratories in Ontario, Canada, for rare earth element analysis, 
using a fusion method on an inductively coupled plasma mass spectrometer (ICP-MS). 
One gram of the same representative samples were placed in glass vials and taken to 
Kansas University in Lawrence, KS, for whole-rock isotope analysis. Approximately 20 g 
of sample was weighed in porcelain crucibles, heated at 110°C for two hours, weighed 
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again, and heated for an additional hour at 1000°C in order to measure loss on ignition 
(LOI). Samples were re-powdered, if necessary, using a Diamonite corundum mortar 
and pestle. Using a 1:10 sample/flux ratio with a 50/50 mix of lithium metaborate and 
lithium tetraborate, samples were melted at 1050°C in graphite crucibles and made into 
glass fusion disks for major element analysis. Pressed pellets using a sample/binder 
ratio of 4:1 were created for trace element analysis.  
 A total of 18 samples from the lower Enigma Volcano and eight samples from 
the upper Enigma Volcano, along with three tuff samples from Peach Springs Tuff and 
the tuff of Bridge Spring, were analyzed for whole rock Sr (87Sr/86Sr), Nd (143Nd/144Nd, 
reported below in εNd notation), and Pb (206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb) isotopes 
using a thermal ionization mass spectrometer (TIMS) at Kansas University in Lawrence, 
KS during 2010 to 2011. Techniques and column procedures follow the methods of 
Patchett and Ruiz (1987) and dissolution method of Krogh (1973). 
 Mineral chemistry was acquired on carbon coated polished thin sections on 
UNLV’s JEOL JXA-8900 electron probe microanalyzer (EPMA). Through a combination 
of SEI images, prior petrographic analysis, and EDS spot analyses; points were set up for 
overnight EPMA analysis. Traverses through some mineral phases were carried out to 
determine chemical zonation and/or core inheritance. 
Rock Classification 
 Representative samples from all major units within the Enigma Volcano are 
reported in Table 4-2. With the exceptions of the Lucy Gray breccia and the Lilly 
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rhyodacite, all units of the Lucy Gray volcanic section plot on or above the alkaline-
subalkaline boundary on the LeBas diagram, whereas all but the lowermost basalt unit 
of the Eldorado Valley volcanic section falls below this boundary (Figure 4-4a). The 
Enigma Volcano contains a full suite of rock types, up to high-silica dacite (rhyodacite). 
As with most Miocene rocks in the NCREC, on a total alkalies-SiO2 diagram (LeBas et 
al., 1986), rocks from the Enigma volcano fall mostly within the transitional “trachy-” 
fields (Figure 4-4a). Exceptions are the Greenie, Mama, Velcro, and Josie basalts, and 
the Hopper Basanite.  The lower Hopper Basanite falls in the field of basanite, while the 
others fall in the basalt field. All units below the alkaline-subalkaline boundary also plot 
in the calc-alkaline field of the AFM diagram (Figure 4-4b, 4-4c) (Irvine and Baragar, 
1971). 
Major Elements 
 TiO2, Fe2O3, MnO, MgO, CaO, and P2O5 all decrease with increasing SiO2 in both 
the Lucy Gray and Eldorado Valley volcanic sections (Figure 4-6). However, CaO, P2O5, 
and MgO exhibit more variability in Lucy Gray than in Eldorado Valley units. Na2O and 
K2O both increase with increasing SiO2, although in Lucy Gray units, Na2O tends to be 
higher at a given SiO2 content than in Eldorado Valley units. K2O exhibits an increase 
with decreasing SiO2 content in several Lucy Gray units with 55 – 58 wt. % SiO2; those 
same units are also higher in P2O5. Al2O3 increases with increasing SiO2 until ~60 wt. % 
SiO2 before decreasing at higher values of SiO2. The Lucy Gray portion of the Enigma 
Volcano exhibits over 7 wt. % variation in Al2O3, whereas the Eldorado Valley section 




 Rocks of the Enigma Volcano exhibit decreases in Sc, V, Cu, and Sr with 
increasing SiO2, while Rb and SiO2 increase proportionally (Figure 4-7). Ni and Cr 
contents are 270-375 ppm and 360-750 ppm, respectively, in the higher Mg units (Josie 
Basalt, Greenie Basalt, Mama Basalt, Velcro Basalt, and Hopper Basanite), which are 
significantly higher than in any other rocks within the Enigma Volcano. The Hopper 
Basanite, Speckles, McClanahan Spring, and to some extent Velcro Basalt all exhibit 
enrichment in La relative to both the Eldorado Valley volcanic section and other units 
within the Lucy Gray volcanic section. This high La group is also characterized by 
enrichments in P2O5, Sr, Ce, Th, Pb, Zr, and Ba (Figure 4-7).  
Whole Rock Isotopes 
 For the Lucy Gray portion of the Enigma Volcano (Table 4-3), initial 87Sr/86Sr 
varies from 0.70886 to 0.71409, εNd from -5.36 to -10.66, 206Pb/204Pb from 18.41 to 
18.83, 207Pb/204Pb from 15.59 to 15.67, and 208Pb/204Pb from 38.94 to 39.51. In the 
Eldorado Valley portion of the Enigma Volcano (Table 4-3), initial 87Sr/86Sr varies from 
0.70862 to 0.71094, εNd from -8.67 to -13.04, 206Pb/204Pb from 17.70 to 18.39, 
207Pb/204Pb from 15.51 to 15.65, and 208Pb/204Pb from 38.41 to 39.14. 
 In general, units within the Enigma Volcano contain Sr and Nd isotopes that 
become more enriched with increasing SiO2 (Figure 4-9). Eldorado Valley Nd isotopes 
have more negative εNd values at the same initial 87Sr/86Sr than Lucy Gray rocks. 
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Eldorado Valley units, with the exception of the Lower Cactus Hill basalt, are depleted 
in all Pb isotopes relative to Lucy Gray units (Figure 4-9). 
DEPTH OF MELT GENERATION IN BASALTS 
 The chemistry of basalts with olivine as the only, or primary, phenocryst phase 
is often applied to geobarometers that estimate the depth of melt generation within the 
mantle. Although several such barometers exist, the ones with the most potential for 
application in the current study are based on the silica activity of melts in equilibrium 
with mantle olivine and orthopyroxene (Mg2SiO4 + SiO2 = 2(MgSiO3)). Primary, or 
primitive, basalts with >8 wt. % MgO are most desirable (e.g., Lee et al., 2009), a 
criterion which is satisfied by six units within the lower Enigma Volcano but no units 
within the upper Enigma Volcano. 
 As applied to the Si-activity barometer of Lee et al. (2009), the lower Hopper 
Basanite originated at ~2.5 GPa while the units Greenie Basalt, Mama Basalt, Velcro 
Basalt, and Josie Basalt originated at pressures of ~1.4 – 1.8 GPa. The anomalously high 
pressure of HBL relative to the other units likely reflects the inability of the Lee 
barometer to accurately quantify melt pressures of rocks containing <45 wt. % SiO2 (Lee 
et al., 2009). Another problem arises in the use of the Lee barometer when 
clinopyroxene and/or plagioclase are present as phenocryst phases as well as olivine. 
The presence of plagioclase causes overestimation of the depth of magma generation 
and the presence of clinopyroxene causes underestimation of the depth of magma 
generation (Lee et al., 2009). None of the Lucy Gray units contain plagioclase as a 
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primary phenocryst phase, although they have up to 40% clinopyroxene in the mineral 
mode. The pressures given by the Lee barometer will therefore be considered minimum 
pressures, except for in HBL, which is a maximum. 
 The Si-activity barometer of Putirka (2008), a modification of the original Si-
activity barometer by Beattie (1993), allows for lower SiO2 contents than the Lee 
barometer (Lee et al., 2009) and the presence of clinopyroxene in the mineral mode 
(Putirka et al., 2012). Applied to this barometer, the Lower Hopper Basanite originated 
at ~1.9 GPa, while the other units originated at ~1.4 – 1.8 GPa, with Josie Basalt as the 
shallowest and Velcro Basalt as the deepest. Although the upper member of the Hopper 
Basanite contains no olivine, application to the Putirka barometer resulted in pressure 
estimates of 1.6-1.7 GPa, consistent with estimates for other high magnesium units. 
PETROGRAPHY AND MINERAL CHEMISTRY 
Petrography 
 Olivine is a major constituent of many units within the Lucy Gray portion of the 
Enigma Volcano, while pyroxene, especially clinopyroxene, is ubiquitous throughout the 
entire history of the volcano (Table 4-4). Orthopyroxene is common in andesites and 
dacites. The greatest difference in mineralogy between the upper and lower Enigma 
Volcano is the presence and abundance of apatite. In the Lucy Gray section, apatite, 
typically a trace mineral, constitutes up to 15% of the mineral mode. In the Eldorado 
Valley section, apatite is <1 %. Significant quantities of apatite (>5% of the phenocrysts) 
are present in the upper member of the Hopper Basanite, in both the lower and upper 
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member of Speckles, and in the McClanahan Spring basalt. The latter two units also 
contain alkali feldspar, usually anorthoclase, in both groundmass and microphenocryst 
phases (Table 4-4). 
Mineral Chemistry 
 Representative mineral analyses are presented in Appendix 3 (Tables A5 and 
A6). Much of the focus of the mineral chemistry study has been on the units of the Lucy 
Gray volcanic section, due to the presence of xenoliths that may be helpful in discerning 
mantle temperatures and compositions, along with the presence of relatively unaltered 
olivine and pyroxene crystals. Nearly all olivine in the Eldorado Valley volcanic section 
is completely replaced by iron oxide and clay minerals, providing unusable analyses.  
Hopper Basanite 
 Olivine phenocrysts from unit HBL are normally zoned with Fo88 cores grading 
to Fo83 near rims. Grains <100 µm in size are Fo83. Clinopyroxene phenocrysts are 
dominantly diopside with FeO ranging from 4 to 7 wt. % and Cr2O3 from 0 to 1 wt. % in 
grains >100 µm in size. Microphenocryst compositions are more iron, aluminum, and 
titanium-rich, similar to rims of larger grains. Though no traverses were attempted on 
clinopyroxene phenocrysts, spot analyses of several cores and rims indicate zonation of 
Cr- and Mg-rich cores to Cr-poor and Fe-enriched rims. Hydration of olivine, 
groundmass, and clinopyroxene rims is pervasive. Oxides are typically Cr-poor 
ulvospinel, although one grain contained just over 1 wt. % Cr2O3. Clinopyroxene from 
unit HBU is diopside with cores containing as low as 3.5 wt. % FeO, increasing to 7 wt. 
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% near rims. Cr2O3 contents range from 0.2 to 0.5 wt. %. As with HBL, hydration of 
groundmass and clinopyroxene rims is pervasive in HBU. Mica is fluorphlogopite with 
6.5 wt. % FeO and 8.3 – 9 wt. % TiO2. 
Josie Basalt 
 The Josie Basalt contains olivine, clinopyroxene, and mica, set in a groundmass 
of feldspar, clinopyroxene, and oxides. Olivine is partially altered to iddingsite, 
especially along fractures and at rims, although grain interiors were fresh enough for 
analysis. Olivine traverses on two larger grains (>1 mm) reveal homogeneous 
compositions throughout at Fo86, with identical compositions in microphenocrysts. 
Likewise, clinopyroxene phenocrysts exhibit very little zonation, containing 4.2 – 4.8 
wt. % FeO and 0.7 to 1 wt. % Cr2O3. However, rims and microphenocrysts are more Fe- 
and Al-rich, with abrupt increases to 7 wt. % FeO and 5 wt. % Al2O3 (from 2 wt. % Al2O3) 
and Cr2O3 at 0 – 0.3 wt. %. Oxides are mostly Cr-ulvospinel, with up to 4 wt. % Cr2O3, 
although a few grains of ilmenite and Cr-poor ulvospinel were also analyzed. Mica is 
fluorphlogopite with 5.2 – 6 wt. % FeO and up to 7.6 wt. % TiO2. Groundmass phases 
include clinopyroxene with 6 wt. % FeO and high aluminum, presumably altered, 
clinopyroxene with 8 wt. % FeO. Groundmass feldspar is dominantly alkali feldspar 
(anorthoclase) with some An55-An60 plagioclase. 
McClanahan Spring basalt 
 In general, the McClanahan Spring basalt (McCl) is highly altered and 
phenocryst-poor. Olivine, the most abundant phenocryst phase in McCl, is completely 
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altered to iddingsite and therefore unsuitable for EPMA analysis. Clinopyroxene is 
commonly replaced by clay minerals and calcite, although three microphenocrysts were 
fresh enough for analysis. Compositions are titaniferous augite with Al2O3 contents of 6 
wt. %. Feldspar is typically sieved and anhedral with “cloudy” rims. Traverses through 
grains revealed one highly altered potassium feldspar crystal with an overgrowth of 
anorthoclase. Other grains, including microphenocrysts, are dominantly anorthoclase 
with cores of An31 to An47 plagioclase. Groundmass feldspar is almost exclusively 
anorthoclase; whether this is a product of metasomatic fluid infiltration or primary 
composition is unclear. Oxides are Cr-poor ulvospinel, while apatite is fluorapatite. 
Upper Speckles basalt 
 The upper member of the Speckles basalt contains abundant large (to 1 cm) 
olivine, clinopyroxene, plagioclase, fluorapatite, and oxide phenocrysts, set in a 
groundmass of alkali feldspar (anorthoclase). Olivine is completely altered to iddingsite. 
Clinopyroxene appears in two populations: normally zoned grains varying from 5.5 to 7 
wt. % FeO, and relatively homogeneous grains with 6.6 to 7.3 wt. % FeO. The zoned 
grains contain 0.5 wt. % Cr2O3 in cores, decreasing to 0.2 wt. % ~100 µm from the rim, 
followed by an abrupt increase to 1.1 wt. % and corresponding decrease in FeO from 6 
to 5 wt. % that then decreases to the rim (with an increase in FeO to 7 wt. %). 
Homogeneous grains contain no measurable Cr2O3. Phenocrysts and microphenocrysts 




Beer Bottle Pass Andesite 
 The Beer Bottle Pass Andesite contains olivine, clinopyroxene, orthopyroxene, 
plagioclase, fluorapatite, kaersutite, and oxides, set in a groundmass of plagioclase, 
glass, and olivine. Olivine is normally zoned at Fo69 – Fo60 with groundmass 
compositions of Fo55 – Fo62. Clinopyroxene phenocrysts contain 5 wt. % FeO in cores, 
grading to 9 wt. % FeO at the rims, while groundmass clinopyroxene contains 6 wt. % 
FeO. Orthopyroxene phenocrysts typically contain ~15 wt. % FeO, although a 
population with anhedral cores contains 7 – 8.5 wt. % FeO in the cores and 15 wt. % 
FeO in the rims. Plagioclase is fairly homogeneous, both in groundmass and in 
phenocrysts, at An58 to An65. Oxides present are ilmenite, magnetite, ulvospinel, Cr-
ulvospinel, and chromite. 
Strider Andesite 
 The Strider Andesite contains clinopyroxene, orthopyroxene, plagioclase, 
fluorapatite, kaersutite, and biotite set in a groundmass of glass, clinopyroxene, and 
plagioclase. Augite phenocrysts typically vary from 7 wt. % FeO in cores to 10 wt. % FeO 
at rims, while orthopyroxene phenocrysts vary from 14.5 wt. % FeO in cores to 18 wt. % 
FeO at rims. Matrix clinopyroxene contains 7.4 – 8.4 wt. % FeO. Plagioclase 
compositions vary from An40 to An50 in some grains and An50 to An60 in other grains, 
while groundmass plagioclase is An36 – An45. Oxides include ilmenite, magnetite, and Cr-
poor ulvospinel. 
Lower Cactus Hill Basalt 
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 The lower Cactus Hill basalt contains olivine, clinopyroxene, plagioclase, and 
oxides set in a groundmass of pyroxene and plagioclase. Metasomatism of the feldspars 
is common, although relatively unaltered grains exhibit mild zonation with An50 cores 
grading to An40 at the rims. One plagioclase grain has an An60 core, grading to An40 at its 
rim. Clinopyroxene as both phenocryst and groundmass phase is typically augite, with 
around 8 wt. % FeO, 1 wt. % TiO2, and <0.5 wt. % Cr2O3. Another population contains 6-
7 wt. % FeO, 0.5-0.75 wt. % TiO2, and 0.5-1 wt. % Cr2O3. Both Cr-poor ulvospinel and 
Cr-poor ilmenite are present. 
Cactus Hill Basalt 
 An upper andesite flow from the Cactus Hill section was analyzed for plagioclase, 
oxides, clinopyroxene, and orthopyroxene compositions. Plagioclase phenocrysts grade 
from An53-56 in cores to An45 in rims, while plagioclase in gabbroic inclusions are a more 
homogeneous An53-55. Potassium metasomatism is sparse, mostly occurring along 
cleavage planes. Clinopyroxene phenocrysts and microphenocrysts are augite and 
generally contain 6-7.5 wt. % FeO from core to rims, although some grains contain 8.5-
10 wt. % FeO. There is no discernible difference in grain shape or size between the two 
populations. Clinopyroxene in gabbroic inclusions is nearly ubiquitously higher in iron, 
with 8.7-9.7 wt. %. Orthopyroxene is present mostly in gabbroic inclusions and as a 
groundmass phase; however, some phenocrysts up to 200 mm in diameter were 
analyzed and some larger grains (~400 µm) are mantled by clinopyroxene. Phenocrystic 
orthopyroxene contains lower total FeO than orthopyroxene in gabbroic inclusions, at 
~17-18 wt. % and 18.1-18.8 wt. %, respectively. Oxides are Cr-poor ulvospinel, with the 
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exception of one grain in the gabbroic inclusion that contained 1.3 wt. % Cr2O3. The 
sparse apatite is fluorapatite with up to 0.5 wt. % Cl. 
Cactus Hill Dacite 
 Plagioclase compositions vary from An55 in cores to An40 in rims. Rims are often 
badly sieved and/or metasomatized and thus did not give accurate analyses. Plagioclase 
in gabbroic inclusions varies from An59 to An51, with no discernible trend from grain 
interiors to rims. Olivine rims and fractures are completely altered to iddingsite, so 
little is known about zonation. Core compositions in both phenocrysts and 
microphenocrysts, however, are Fo80-81. One augite phenocryst is reversely zoned, with 
up to 11 wt. % FeO in the core and 6 wt. % FeO in the rim, with accompanying increases 
in CaO from ~19 wt. % to 21 wt. % and in Cr2O3 from zero to 0.75 wt. %. Most 
microphenocrysts and phenocrysts contain between 8.5 and 9.5 wt. % FeO. Augite in 
the gabbroic inclusions contains 10.25-11 wt. % FeO. Orthopyroxene grains behave 
similarly to clinopyroxene grains in that some rims have lower FeO than cores (down to 
15.5 wt. %) while others exhibit normal zonation. FeO in most grains varies from 18.2 
wt. % in cores to nearly 21 wt. % at the rims. FeO content in orthopyroxene from the 
gabbroic inclusions is 19-21 wt. %, similar to phenocrysts. Oxides include both ilmenite 
and Cr-poor ulvospinel and apatite is chlorine-bearing fluorapatite. 




 The tectonic transition from subduction to extension is generally well 
documented in most areas of the NCREC (e.g., Faulds et al., 2001). In the McCullough 
Range, all units up to and including the Tuff of Bridge Spring are uniformly tilted, 
suggesting a pre-extensional origin for the entirety of the Enigma Volcano. However, 
further east in the NCREC, the onset of extension has been documented by fanning dips 
at about 16 Ma (Feuerbach, 1998; Faulds et al., 2001, 2002) or even as early as 16.5 Ma 
(Faulds et al., 2010). Geochemical and petrologic studies in the NCREC to date have 
tended to focus on changes of chemical characteristics and source related to transitions 
in tectonic style (e.g., subduction to extension). However, little attention has been paid 
to source variations prior to the onset of regional extension. One exception is 
Feuerbach et al. (1998), who noted enrichment in P2O5, Zr, and the LREE in the lower 
part of the Black Mountain volcanic section compared to the upper part. Determining 
the source of pre-extensional volcanic sections is difficult because of the paucity of 
primitive basalts in the pre-extensional sections throughout the NCREC. However, 
there is general agreement that mafic volcanism from 18.5 to about 16 Ma in the 
NCREC was the product of melting enriched, subduction-modified, SCLM (Bradshaw et 
al., 1993; Leeman and Harry, 1993; Harry and Leeman, 1995; Hawkesworth et al., 1995; 
Feuerbach, 1998). As the tectonic regime transitioned fully into extension at about 15.2 
Ma, mantle melts originated in the asthenospheric mantle rather than the SCLM, mixed 
with both the continental crust and the SCLM, and acquired the isotopic and trace 
element character of mafic melts similar to OIB or BSE (e.g., Fitton et al., 1991).  
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 A mechanism of fundamental changes to the nature of the SCLM to explain the 
observed chemical changes between lower and upper Enigma Volcano sections is 
favored. Moreover, we show that these changes occurred region-wide and resulted from 
the chemical depletion of a mid-Miocene mantle domain that no longer exists. These 
chemical changes occurred prior to the onset of extension and do not correspond to the 
transition from subduction to extension. Alternative hypotheses such as an earlier 
onset of extension or changes in depth of melting were considered, but available 
evidence suggests that these options are not viable. Figure 4-10 summarizes the three 
models. 
Changes in the nature of the SCLM 
 A change in composition of the lithospheric mantle source is our favored 
explanation for the transition from early enriched to more incompatible element- and 
volatile-poor volcanism of the Enigma Volcano. This mechanism was described by Harry 
and Leeman (1995) and involves the metasomatism of the SCLM by the addition of 
fluids and volatiles. The result is SCLM composed of veins and pods of fusible mantle 
within a matrix of peridotite and/or pyroxenite. This fusible material enters the SCLM 
during subduction events and may be isolated from the underlying asthenosphere for 
hundreds of millions of years. Fluid- and volatile-enriched metasomatized SCLM has a 
lower melting temperature than mantle peridotite. Because of this characteristic, the 
addition of heat allows the metasomatized mantle to melt first, producing magmas 
highly enriched in incompatible elements (P, Zr, LREE, LILE) and volatiles. Magmas 
generated by this process are rich in volatiles and have a lower density, allowing them to 
132 
 
traverse the mantle and crust relatively unchanged. This process would allow more 
primitive magmas to erupt and perhaps inhibit magma mixing or storage in the crust. 
Evidence of this process is abundant in the lower Enigma Volcano, which contains 
several units with olivine compositions comparable to mantle values (Fo88-86), and an 
overall lack of plagioclase feldspar outside of the groundmass (see Mineral Chemistry 
section). However, with the finite quantity of metasomatized mantle available, magmas 
should quickly lose the enriched signature and become more volatile-poor. Without easy 
conduits to the surface such as faults and fractures, density contrasts between the 
volatile-poor mantle-derived basalts and the crust require equilibration with ambient 
density and any magmas that erupt should show ample evidence of crustal interaction, 
including mingling textures and/or hybridization and crustal xenoliths. The upper 
Enigma Volcano exemplifies this change, containing abundant magma mixing textures, 
partially melted crustal xenoliths, and large zoned pyroxene and plagioclase crystals. 
The upper Enigma Volcano also lacks hydrous phases and significant quantities of 
apatite, suggesting an overall dehydration of the magma. 
 Although neither potassic nor ultrapotassic in nature, enrichments in P2O5, Zr, 
and the LREE in the lower Enigma Volcano may have a similar origin to highly potassic 
rocks such as lamprophyres. McKenzie (1989) suggests that the source for lamprophyric 
magmas was modified considerably by metasomatism of the basal layer (mechanical 
boundary layer) of the lithospheric mantle through nearly continuous, very small 
volume partial melts of the uppermost asthenospheric mantle through time. At the 
onset of magmatic activity, particularly in areas undergoing continental extension, as 
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heat is added from the underlying asthenosphere, the enriched metasomatized lower 
lithospheric mantle with its lower melting temperature will partially melt and produce 
highly enriched lavas (McKenzie, 1989). Mirnejad and Bell (2006) propose two 
mechanisms for potassic rock production: 1) they are deep-seated partial melts of 
asthenospheric mantle that have been contaminated by enriched continental crust, or 
2) they are primitive partial melts of melt-metasomatized SCLM. Like McKenzie (1989), 
Mirnejad and Bell (2006) favor a melt-metasomatized SCLM origin for potassic rocks 
(lamprophyres), although in this case the mechanism of mantle enrichment is due to 
ancient subduction-fluid enrichment of the SCLM rather than small volume 
asthenospheric melts.  
 Another analog to lower Enigma rocks are mid-Miocene volcanic rocks on the 
Tibetan Plateau. Located in sparse outcrops mostly in the northern and central portions 
of the Tibetan Plateau, the rocks range in composition from basalt to rhyolite and are 
described by Turner et al. (1993, 1996) as being potassic in nature. Nearly all of the 
potassium-enriched rocks contain significantly elevated P2O5, Sr, Ba, Zr, and LREE 
contents, similar to lower Enigma rocks. Another similar trait is the presence of alkali 
feldspar in some samples, along with phlogopite. Turner et al. (1993, 1996) attribute 
the enrichments to a melt-metasomatized SCLM enriched by the addition of fluids 




 Magmatism was widespread in the NCREC during the time period coinciding 
with eruptions of the Enigma Volcano. In the pre-Peach Spring Tuff time period (pre-
18.5 Ma), several high magnesium basalts similar in composition to the Hopper 
Basanite crop out within the NCREC. These include a 19.6 ± 0.5 Ma basanite in the 
Cerbat Mountains (Faulds et al., 1999) and a 19.9 ± 0.5 Ma basanite located in the 
central Black Mountains near Mt. Perkins (Faulds et al., 1995), along with others that 
are undated but occur in the same stratigraphic position (Figure 4-1). Lower Miocene 
rocks post-dating Peach Spring Tuff emplacement are also present. These include 
volcanic rocks with increased P2O5, Zr, Ba, Sr, and LREE in the Castle Mountains (Capps, 
1996), Black Mountains (Feuerbach, 1998), Eldorado Mountains (Anderson, 1978), 
Highland Range (Feuerbach, 1998; Faulds et al., 2002), and the southern White Hills 
(McDaniel, 1996; Faulds et al., 2010). In all of these areas, rocks with compositions 
comparable to the upper Enigma Volcano crop out stratigraphically above the enriched 
rocks. All available data for the NCREC are shown in Figure 4-11 and are compared with 
rocks of the Enigma Volcano. In general, the enriched rocks of the lower Enigma 
Volcano correlate well with the lowermost portions of volcanic sections throughout the 
NCREC, while the calc-alkaline rocks of the upper Enigma Volcano correlate to the 
upper parts of pre-extensional volcanic sections. The relationship is perhaps most 
noticeable in Pb isotope plots (Figure 4-11) where upper Enigma rocks and upper pre-
extensional rocks from the NCREC contain lower 206Pb/204Pb isotopic ratios relative to 





 Two alternative models for the change in chemical composition between the 
lower and upper Enigma Volcano are include an earlier onset of large-magnitude crustal 
extension than previously thought or an overall change in depth of magma generation 
(Figure 4-10). Each of these models would result in a change of mantle source from 
SCLM to upper asthenosphere. 
 The first model, shown in Figure 4-10b, requires a change in tectonic regime. 
Although extension is not recorded in the McCullough Range until around 15.2 Ma, 
upper crustal extension began at 16.5 – 16 Ma elsewhere in the NCREC, including the 
east-adjacent Highland Range (Feuerbach, 1998; Faulds et al., 2001, 2002). 
Additionally, lower crustal extension may not have a surface expression and therefore 
could have begun even earlier. The only dates constraining the age of eruptions in the 
lower and upper Enigma Volcano are of the 18.5 Ma Peach Spring Tuff, located near the 
base of the lower Enigma Volcano, and of the 15.6 Ma Cactus Hill basalt, located near 
the top of the upper Enigma Volcano. The chemical change from enriched to typical 
calc-alkaline rocks occurs in the middle of the volcanic section where no dates are 
available. Since there are no firm dates documenting the changes in composition, it is 
possible that the transition to crustal extension contributed to the observed chemical 
changes. However, if the change to extension was indeed accompanied by a change in 
mantle source from SCLM to asthenospheric mantle, then the different source should 
be reflected in both Sr and Nd isotopes of the least evolved rocks. Figure 4-11 shows 
available isotopic data for the NCREC. While samples from the Eldorado Mountains do 
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show decreases in initial Sr and increases in εNd, as would be expected with increasing 
asthenospheric contribution, the same relationship is not seen in either the upper 
Enigma Volcano or in other volcanic fields in the NCREC. Furthermore, the isotopes are 
still far too enriched and the bulk SiO2 content too low to suggest derivation from the 
asthenospheric mantle (and subsequent crustal contamination). Therefore, isotopic 
data appears to rule out this alternative model. 
 The second alternative model (Figure 4-10c) involves a change in mantle source 
from SCLM to asthenosphere through a deepening of magma generation through time. 
With the exception of the lower Hopper Basanite, depth of melting calculations on 
lower Enigma basalts using both the Lee et al. (2009) and the Putirka (2008) result in 
pressures of 1.4 – 1.8 GPa, with most units hovering closer to 1.8 GPa and the Josie 
basalt the shallowest at 1.4 GPa (Table 4-5). Due to the general unreliability of the Lee 
barometer in rocks with very low SiO2 contents (see Depth of Melting section), the 2.0 
GPa (Table 4-5) value from the Putirka (2008) barometer is the best estimate for the 
melting pressure for the lower Hopper Basanite. Using a depth-pressure conversion of 
33 km/Gpa, the depth range for melt generation is 46.2 - 62.7 km. Although the 
thickness of the lithospheric mantle during the early Miocene cannot be known with 
absolute certainty, many authors agree on a total lithospheric thickness of 100 km 
within the NCREC (Bradshaw et al., 1993; Hawkesworth et al., 1995). Using the current 
thickness of the adjacent Colorado Plateau crust as a guide, the crust beneath the 
NCREC was likely 30-50 km thick at the onset of magmatic activity, which leaves the 
SCLM at 50-70 km thick. If the melt generation depths are accurate, this implies that 
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lower Enigma basalts were generated in lithospheric mantle. Using the less conservative 
depth-pressure conversion of 37 km/GPa, which assumes a higher overall density to the 
lithosphere, results in depth calculations of at most 76 km, still well within the 
lithospheric mantle. Since depth of melting on rocks from the upper Enigma Volcano 
and from most of the NCREC cannot be calculated by either the Putirka (2008) or Lee et 
al. (2009) techniques, isotopes and depths of melting for syn-extensional volcanic rocks 
(ca. 13 – 15.2 Ma) from the McCullough Range were utilized and are shown in Figure 4-
12. In spite of an overall change to more primitive Nd isotopic compositions with 
decreasing age, implying increased asthenospheric input into the magmatic systems 
with increasing extension, depths of magma generation are relatively constant from the 
lower Enigma Volcano through the eruption of the Hidden Valley basalt at ca. 13 – 14 
Ma. In fact, depths become slightly shallower with time, which suggests that the SCLM 
was increasingly replaced by asthenospheric mantle rather than magma sources 
becoming deeper. 
 It is important to note that both the preferred and alternative models for the 
chemical change should be considered end-member models. In reality, a combination of 
two or even all three mechanisms may have been responsible for the observed chemical 
variations. 
SUMMARY AND CONCLUSIONS 
 The cessation of subduction beneath western North America was followed 
shortly by Basin and Range extension in the NCREC. However, in the lull between 
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subduction and extension, in the wake of the passage of the Mendocino Triple Junction, 
widespread magmatic activity swept northward through the corridor (Faulds et al., 
2001). For the Enigma Volcano, we envision a SCLM that was metasomatized over 
hundreds of millions of years of subduction-related activity, with enriched partial melts 
combined with fluids rich in volatiles and incompatible elements. Because hydrated and 
volatilized lithosphere has a lower melting temperature than surrounding peridotite, we 
believe that the addition of heat from underlying asthenospheric mantle welling up in 
response to the loss of the Farallon slab beneath the NCREC allowed this enriched 
lithospheric mantle to melt first. The basal portions of the Enigma Volcano and of other 
similar-age volcanoes throughout the NCREC contain basalts and other products with 
highly enriched compositions that reflect early melting of these enriched portions of the 
SCLM. 
 However, as magmatism continued, the finite quantity of enriched material 
essentially ran out, causing basaltic melts, no longer enriched in volatiles, to stall more 
frequently in the crust, either differentiating until reaching ambient density or partially 
melting, and then mixing with, the crust to produce higher-silica intermediate rock 
types. The transition is recorded in the upper Enigma Volcano where the Eldorado 
Valley volcanic section is entirely intermediate in composition and shows none of the 
same enrichments so prevalent in the lower Enigma Volcano. These compositions are 
also extremely common in the NCREC and are often cited as the typical pre-extensional 
rock type, with thick accumulations of andesite to dacite flows and domes, situated over 
largely granitic plutons (e.g., Faulds et al., 2001).  
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 We suggest that the lower Enigma and age-related sections in nearby mountain 
ranges were produced by melting a SCLM domain with a characteristic enriched 
incompatible element signature that eventually disappeared as the more fusible 
components were melted. Although it is difficult to estimate because of high 
magnitudes of crustal extension, the area underlain by this domain may have exceeded 
5000 km2. The idea of a mantle isotope province is not a new one. Yogodzinski et al. 
(1996) proposed an isotope province for Pliocene and Pleistocene basalts of the eastern 
Death Valley and Yucca Mountain areas of eastern California and Nevada. There, basalts 
with relatively primitive compositions contain isotopes extremely similar to continental 
crust or enriched lithospheric mantle. The region is fairly large, spanning ~1300 km2, 
and is surrounded by similar age volcanic fields that contain upper depleted 
asthenospheric mantle isotope compositions along with trace element patterns 
indistinguishable from OIB (e.g., Lunar Crater, Walker Lane belt, Cima). We propose 
that a similar province existed in the early Miocene beneath the entirety of the NCREC, 
although the fusible components in this domain were quickly used up during early 
magmatic activity. Volatile-poor magmatism with typical calc-alkaline affinities is 
recorded in most volcanoes thereafter, with syn-extensional rocks including a 
significant asthenospheric component. This transition occurred completely within a 
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TABLES AND FIGURES 
(Note that Table 4-3 is located in Appendix 2 of the dissertation) 
Table 4-1: Available Dates for the McCullough Range 
 
Volcano Unit Sample Number Age Uncertainty Method Material Reference 
      (Ma) (+/- Ma)       
Sloan Mt. Sutor JF-92-40 13.07 0.02 Ar/Ar Biotite Faulds, Gans, 1999 
  Center Mountain - 16.40 0.50 K/Ar Biotite Bridwell, 1991 
McCullough Pass Caldera Capstone MPC-19 13.98 0.10 Ar/Ar Sanidine Spell et al., 2001 
  Capstone JF-92-42 13.95 0.02 Ar/Ar Sanidine Faulds, Gans, 1999 
  Jean Lake MPC-1 14.11 0.12 Ar/Ar Sanidine Spell et al., 2001 
  McCullough Pass tuff JF-92-39 14.00 0.02 Ar/Ar Sanidine Faulds, Gans, 1999 
  McCullough Pass tuff MPC-43 14.09 0.09 Ar/Ar Sanidine Spell et al., 2001 
  McCullough Pass tuff MPC-44 14.12 0.13 Ar/Ar Sanidine Spell et al., 2001 
  McCullough Pass tuff MPC-42 14.11 0.12 Ar/Ar Sanidine Spell et al., 2001 
Tuff of Bridge Spring/Mt. Davis Mt. Davis TB-5 14.97 0.08 Ar/Ar Sanidine Spell et al., 2001 
  Bridge Spring - 16.60 0.40 K/Ar Biotite Bridwell, 1991 
  Bridge Spring - 15.23 0.14 Ar/Ar Sanidine Bridwell, 1991 
McCullough Stratovolcano Railroad Pass pluton - 14.98 0.08 Ar/Ar Orthoclase Faulds et al., 2001 
  Railroad Pass pluton RRP-1 15.65 0.43 U/Pb Zircon Honn, 2012 
Upper Enigma Volcano Cactus Hill JF-92-41 15.55 0.02 Ar/Ar Whole Rock Faulds, Gans, 1999 
NEW DATES 
Volcano Unit Sample Number Age Uncertainty Method Material Reference 
      (Ma) (+/- Ma)       
Enigma Volcano Peach Spring Tuff 11-lg27 18.62 0.08 Ar/Ar Sanidine This Study 





Table 4-2: Whole Rock Isotope Data for the Enigma Volcano and Syn-Extensional McCullough Volcanoes 
 
Unit 87Sr/86Sr 143Nd/144Nd εNd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
Cactus Hill basalt 0.70862 0.512168 -9.17 18.376 15.570 38.844 
Eldorado Valley dacite 0.70954 0.512077 -10.94 17.795 15.533 38.409 
Eldorado Valley bomb 0.71010 0.512029 -11.87 18.790 15.535 38.540 
Eldorado Valley clast 0.71094 0.511970 -13.04 17.704 15.513 38.590 
McCullough Wash dacite 0.70993 0.512068 -11.12 17.832 15.531 38.619 
Lower Cactus Hill 0.70931 0.512129 -9.92 18.392 15.646 39.135 
Beer Bottle Pass andesite 0.71018 0.512147 -9.57 18.521 15.610 39.222 
Strider andesite 0.70975 0.512189 -8.77 18.527 15.586 39.142 
Lilly rhyodacite 0.71035 0.512148 -9.55 18.531 15.616 39.262 
Mama basalt 0.70886 0.512246 -7.64 18.641 15.608 39.044 
Velcro basalt 0.70941 0.512244 -7.69 18.831 15.636 39.319 
Josie basalt 0.70896 0.512259 -7.40 18.607 15.606 39.115 
Upper Speckles 0.71004 0.512177 -8.99 18.611 15.618 39.252 
McClanahan Spring 0.71408 0.512182 -8.89  18.786  15.614  39.184 
McClanahan Spring 0.71160 0.512212 -8.30 18.790 15.648 39.298 
Lower Speckles 0.70944 0.512236 -7.84 18.749 15.621 39.168 
Lucy Gray breccia 0.71147 0.512093 -10.63 18.412 15.618 39.392 
Lucy Gray breccia host 0.71130 0.512092 -10.66 18.475 15.609 39.426 
Lucy Gray breccia enclave 0.71009 0.512170 -9.13 18.655 15.672 39.507 
Greenie basalt 0.70924 0.512235 -7.86 18.795 15.630 39.228 
Upper Hopper Basanite 0.70942 0.512274 -7.10 18.646 15.597 38.979 
Lower Hopper Basanite 0.70966 0.512363 -5.36 18.816 15.611 38.938 
Pumice Mine 0.70762 0.512343 -5.76 18.822 15.615 38.828 
Pumice Mine bomb 0.70784 0.512308 -6.44 18.763 15.611 38.976 
Hidden Valley 0.70681 0.512460 -3.47 18.280 15.560 38.931 





Table 4-4: Petrography of Major Enigma Volcano Units 
    Matrix Phenocrysts     
  Unit % Plag Olivine CPX OPX Amph. Apatite Biotite Phlogopite Xenocrysts Xenoliths 
Cactus Hill dacite 80-85 10(50) 1(5) 6(30) 3(15)         hbl/albite olivine-bearing gabbro 
Cactus Hill hb-basalt 70 9(30) 9(30) 6(20)   6(20)           
Cactus Hill basalt 70 6(20) 6(20) 15(50) 3(10)   0.3(1)     microcline gabbro, amphibolite 
Cactus Hill basalt dike 85 3(20) 4.5(30) 7.5(50)               
Eldorado Valley dacite 85-90 6(40)   3(20) 6(40) <1(<1)           
Eldorado Valley bomb >98 1(50)   0.2(10) 0.8(40)             
Eldorado Valley clast >95 3.3(65)   0.3(5) 1.5(30)             
Eldorado Valley dike >90 6(60)   1(10) 3(30)             
McCullough Wash dacite 60 20(50)   4(10) 16(40)         amphibole   







Lower Cactus Hill 65-70 9(30) 9(30) 12(40)             clinopyroxenite 
ED andesite 50 25(50) 10(20) 15(30)             pyroxenite 
Beer Bottle Pass 70 7.5(25) 1.5(5) 4.5(15) 7.5(25) 7.5(25 <1.5(<5)     1 cm olivine pyroxenite 
Strider andesite 65 10.5(30)   10.5(30) 8.75(25) 1.75(5)   3.5(10)     clinopyroxenite 
Lilly rhyodacite >97 2.25(75)       0.3(10)   0.45(15)       
Mama basalt 70   21(70) 9(30)           microcline (1)   
Velcro basalt 70   28.5(95) 1.5(5)           quartz (1)   
Josie basalt 70   13.5(45) 13.5(45)         3(10)     
Upper Speckles 70-75 8.75(35) 6.25(25) 7.5(30)     2.5(10)       clinopyroxenite 
McCl (lg65) 85-90 9.75(65) 2.25(15) 0.45(3)     2.55(17)         
McCl 90   2(20) 1(10) 0.5(5)   5(50)   1.5(15)     
Lower Speckles 75-80 1.25(5) 8.75(35) 12.5(50)     2.5(10)       pyroxenite 
Lucy Gray breccia 65 14(40)   0.35(1) 1.4(4) 8.75(25)   10.5(30)   albite (2) (diorite enclaves) 
Lucy Gray breccia host 60-65 22(55)   4(10) 6(15) 7.6(19) 0.4(1)     albite/k-spar gabbro 
Fringe andesite 80   4(20) 10(50)   2(10) 1(5) 3(15)   5% quartz (gabbro enclaves) 
Greenie basalt 75   18.75(75) 6(24)         0.25(1)   phlogopite-bearing pyroxenite 











Table 4-5: Depth of Melt Generation Calculations 
 
Unit H2O T (Putirka) P (Putirka) T (Lee) P (Lee) Age 87Sr/86Sr 143Nd/144Nd eNd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
  (C) (kbar) (C) (GPa) (Ma)       
Lower Hopper Basanite 3 1400 21 1397 2.6 19 0.70966 0.512363 -5.36 18.816 15.611 38.938 
Upper Hopper Basanite 3 1400 19 1262 1.5 19 0.70942 0.512274 -7.10 18.646 15.597 38.979 
Greenie Basalt 2 1400 19 1334 1.8 18 0.70924 0.512235 -7.86 18.795 15.630 39.228 
Mama Basalt 2 1400 19 1334 1.8 18 0.70886 0.512246 -7.64 18.641 15.608 39.044 
Josie Basalt 3 1400 18 1259 1.4 18 0.70896 0.512259 -7.40 18.607 15.606 39.115 
Velcro Basalt 2 1400 20 1324 1.8 18 0.70941 0.512244 -7.69 18.831 15.636 39.319 
Lower Cactus Hill 1 1250 10 1258 1.1 17 0.70931 0.512129 -9.92 18.392 15.646 39.135 
Pumice Mine 1 1320 15 1343 1.7 14.5 0.70762 0.512343 -5.76 18.822 15.615 38.828 
Pumice Mine bomb 1 1320 14 1307 1.4 14.5 0.70784 0.512308 -6.44 18.763 15.611 38.976 
McCullough Pass basalt1 1 1320 14 1283 1.3 14 0.70822 0.512249 -7.58 18.283 15.599 39.262 
McCullough Pass basalt1 1 1320 12 1349 1.5 14 0.70685 0.512440 -3.86 18.628 15.596 39.013 
Hidden Valley 1 1320 12 1316 1.5 13.5 0.70681 0.512460 -3.47 18.280 15.560 38.931 
Hidden Valley2 1 1320 10   13.5 0.70758 0.512282 -6.95 18.49 15.56 38.86 
Alkali basalt I-15 1 1250 11 1241 1.0 13.5 0.70795 0.512297 -6.66 19.105 15.661 39.093 
1: Isotopic data from Sanford (2001) 








Figure 4-1: Regional geologic map showing the distribution of pre-extensional (pre-15.2 Ma) volcanic rocks (dark gray color), tuff of 
Bridge Spring/Mt. Davis (light gray color), and syn- to post-extensional volcanic rocks (ca. 15 – 5 Ma) within the northern Colorado 
River extensional corridor (NCREC). Stars indicate locations of enriched pre-extensional rocks discussed in text. Borders of the 






Figure 4-2: Generalized geologic map of the McCullough and Lucy Gray mountain 






Figure 4-3: Schematic stratigraphic column of the Enigma Volcano, showing general 
stratigraphic and cross-cutting relationships. Note that not all units overlap 
geographically, although widespread units such as the Lucy Gray breccia allow for 






Figure 4-4: Major element classification of Enigma Volcano units. A) Rock classification 
(LeBas et al., 1986) based on total alkalis, sodium plus potassium. Alkaline-subalkaline 
boundary from B) included for reference.  B) Classification of Enigma rocks as alkaline 
or subalkaline based on total alkalis, sodium plus potassium (Irvine and Baragar, 1971).  
C) Classification of subalkaline rocks as either tholeiitic (iron-enriched) or calc-alkaline 






Figure 4-5: New 40Ar/39Ar single crystal sanidine dates. Shown are cumulative 
probability distribution diagrams for lower (LG27, left) and upper (LG58, right) ash-







Figure 4-6: Variation diagrams of SiO2 versus Fe2O3, MgO, P2O5, Na2O, K2O, and Al2O3. 







Figure 4-7: Variation diagrams of SiO2 versus V, Cu, Sr, Sc, Rb, Cr, Ni, and La. Values 







Figure 4-8: Variation diagrams of SiO2 versus trace elements, emphasizing the 
enriched, high La group. Circle in upper left diagram (SiO2 vs. La) outlines the enriched 
group (green symbols). Green symbols mark enriched units in all plots of this figure. 







Figure 4-9: Isotope diagrams of Enigma Volcano Rocks, with SiO2 on the x-axis and the 
isotope on the y-axis. Diagram in upper right corner shows the northern hemisphere 
mantle array of Zindler and Hart (1986) using 206Pb/204Pb vs. 207Pb/204Pb. Symbols are 







Figure 4-10: Simplified models of compositional changes through time. Time 1 = Lower 
Enigma, Time 2 = Upper Enigma. CC = continental crust, LM = lithospheric mantle, AM 
= asthenospheric mantle. A) Preferred model. Melt-metasomatized SCLM melts first, 
then is depleted, and is followed by relatively dry mantle melting. B) Tectonic Model. 
SCLM melts first, and then the lithosphere is extended and thinned, resulting in melts 
produced in asthenosphere while depth of melting remains unchanged. C) Depth of 
Melting Model. SCLM melts first, followed by a change to deeper melting, in the 






Figure 4-11: Comparison of Enigma Volcano rocks with other pre-extensional 







Figure 4-12: Plots showing approximate depth of melt generation in moderate-to-high 
magnesium rocks from the Lower Enigma (open green triangles), the Upper Enigma 
(closed green triangle), and the younger, syn-extensional rocks in the McCullough 
Range (blue squares and purple diamonds). Pressures (depths) are plotted against 











APPENDIX 1:  Supplementary Data for Chapter Two, including Plates 1 and 2 and the 






Figure A1: Plate 1 from Chapter Two, UGA Publication 39. Simplified geologic map of the Markagunt Plateau volcanic field, 






Figure A2: Plate 1 from Chapter Two, UGA Publication 39. Simplified geologic map of the Black Rock Desert volcanic field, showing 
subfields discussed in text.
 156 
 
Table A1: Chemical data used in figures 3, 5, and 6 for flows from the Markagunt 
Plateau and Black Rock Desert volcanic fields.  Major elements (oxides) are reported in 
weight percent (wt. %) and trace elements are reported in parts per million (ppm).  NA 
refers to elements that were not analyzed for a particular sample.  Classification of 
alkaline, tholeiitic, and calc-alkaline samples comes from Figures 3, 5, and 6 and is 
referenced therein.  Analyses from MP were obtained by inductively coupled plasma 
mass spectrometry (ICP/MS).  Major and trace element analyses on BRD samples were 
obtained by X-ray fluorescence spectrometry (XRF) and rare earth element analyses on 
BRD samples were obtained by ICP/MS.   
  Markagunt Plateau Volcanic Field    
Group/Subfield Group I           
Classification Alkaline Alkaline Tholeiitic Calc-Alkaline Alkaline Alkaline 
Flow/cone Dickinson Hill Houston Mtn Houston Mtn 2 Houston Mtn 3 Red Cyn Rock Cyn 
Sample Name p101608-5 HK092006-3 PL061908-1 pl091008-1 sf5 h101508-4 
SiO2 48.55 47.38 48.65 50.24 50.13 47.69 
Al2O3 16.20 15.68 16.69 16.06 15.44 15.99 
TiO2 1.42 1.29 1.66 1.58 1.40 1.72 
Fe2O3 10.86 10.26 11.15 10.22 8.66 9.85 
MgO 7.55 7.40 7.87 8.28 7.87 9.18 
Na2O 2.79 2.72 3.13 3.32 3.08 3.23 
K2O 1.81 1.44 0.75 1.17 2.13 1.94 
MnO 0.16 0.17 0.17 0.15 0.15 0.16 
CaO 9.47 9.53 9.56 8.47 9.31 9.27 
P2O5 0.45 0.36 0.33 0.39 0.56 0.55 
Total 99.26 96.23 99.96 99.88 98.73 99.58 
Sc NA  NA NA NA 27 NA 
V 282 218 218 176 207 258 
Ni 151 135 115 172 150 233 
Cu 48 54 31 42 39 46 
Ga 20.6 18.5 18.90 18.70 17.0 18.7 
Rb 45.8 28.1 7.20 17.40 48.0 43.5 
Sr 1035 698 444 629 1025 991 
Y 27 23.5 25.1 23.9 24 26 
Zr 176 169 154 169 170 193 
Nb 29.80 17.6 12.00 20.80 20.40 37.60 
Ba 1465 1060 326 752 1520 1570 
La 57.50 37.9 19.20 34.40 59.00 50.30 
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Hf 4.30 4.4 3.40 4.20 NA   4.60 
Pb 8.00 7.0 <5 11.00 9.00 7.00 
Th 6.30 4.6 1.29 3.48 6.00 4.69 
U 1.29 1.0 0.27 0.71 NA   1.12 
Cr 380.00 310 290.00 350.00 308.00 370.00 
Co 54.20 43.3 45.60 43.80 NA   53.20 
Zn 115 98 103 102 82 100 
Sn 1.00 1.00 1.00 1.00 NA   1.00 
Cs 0.90 0.47 0.11 0.30 NA   1.45 
Ce 113.50 76.00 41.90 68.60 120.00 103.50 
Pr 12.60 9.05 5.31 8.17 NA   11.75 
Nd 46.10 35.30 22.10 31.60 56.00 44.20 
Sm 7.71 6.14 4.69 5.92 NA   7.50 
Eu 2.19 1.78 1.65 1.83 NA   2.17 
Gd 7.18 5.76 5.34 5.83 NA   6.99 
Tb 0.99 0.79 0.85 0.85 NA   0.99 
Dy 5.17 4.58 4.82 4.77 NA   5.01 
Ho 1.00 0.93 1.01 0.94 NA   0.95 
Er 3.02 2.73 2.87 2.72 NA   2.89 
Tm 0.38 0.37 0.40 0.38 NA   0.36 
Yb 3 2.43 2.6 2.51 NA   2 
Lu 0.35 0.37 0.39 0.36 NA   0.32 
Ta 1.60 1.00 0.70 1.10 NA   2.00 
W 1 1 2 1 NA   2 





Table A1 (Continued): 
  Markagunt Plateau Volcanic Field     
Group/Subfield  Group I   Group II     
Classification Tholeiitic Alkaline Alkaline Alkaline Alkaline 
Flow/cone Sidney Peaks Blue Spring Mtn 
Upper Bear 
Springs Long Flat Long Flat 
Sample Name BH071508-3 PL081407-1 NNL-26 bh091008-2 bh091008-3 
SiO2 48.75 51.21 48.70 47.61 51.11 
Al2O3 15.03 17.08 15.80 14.24 16.39 
TiO2 1.12 1.85 1.51 2.04 1.63 
Fe2O3 11.31 9.56 11.40 11.01 9.69 
MgO 7.93 6.67 8.32 9.64 7.52 
Na2O 2.31 4.06 3.25 3.11 3.64 
K2O 0.77 1.53 1.03 1.36 1.47 
MnO 0.18 0.15 0.17 0.16 0.15 
CaO 10.38 7.20 9.45 9.10 7.86 
P2O5 0.20 0.49 0.47 0.56 0.49 
Total 97.98 99.80 100.10 98.83 99.95 
Sc NA   NA  NA  NA  NA  
V 297 163 NA   190 170 
Ni 59 133 116 214 193 
Cu 69 38 64 60 33 
Ga 17.90 19.3 NA   20.2 19.9 
Rb 11.90 16.0 16.0 20.7 16.6 
Sr 786 697 680 803 1025 
Y 20.5 29.7 24 24.3 27.8 
Zr 76 305 178 221 182 
Nb 3.40 20.3 22.00 48.80 16.30 
Ba 382 581 740 986 1030 
La 14.20 34.3 74.00 57.90 40.70 
Hf 2.10 6.2 NA   5.40 4.70 
Pb 8.00 7.0 NA   16.00 26.00 
Th 2.39 2.4 NA   8.12 2.09 
U 0.60 0.7 NA   1.90 0.49 
Cr 310.00 220 235.00 380.00 290.00 
Co 41.60 38 NA   47.80 41.50 
Zn 103 102 55 106 123 
Sn 1.00 2.00 NA   2.00 1.00 
Cs 0.48 0.07 74.00 0.41 0.21 
Ce 32.00 73.50 NA   106.50 86.60 
Pr 4.24 8.96 NA   12.10 10.95 
Nd 18.20 34.30 NA   45.90 43.60 
Sm 4.09 6.75 NA   8.18 7.78 
Eu 1.31 2.16 NA   2.42 2.30 
Gd 4.37 6.83 NA   7.59 7.39 
Tb 0.70 0.99  NA  1.02 0.95 
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Dy 4.11 5.65  NA  5.21 5.28 
Ho 0.83 1.09  NA  0.97 1.01 
Er 2.39 3.25  NA  2.65 2.93 
Tm 0.34 0.46  NA  0.34 0.39 
Yb 2.2 2.92  NA  2.21 2.67 
Lu 0.33 0.41  NA  0.31 0.37 
Ta 0.20 1.30  NA  2.50 0.90 
W 1 2  NA  1 1 





Table A1 (Continued): 
  Markagunt Plateau Volcanic Field     
Group/Subfield  Group II         
Classification Alkaline Alkaline Alkaline Alkaline Tholeiitic 
Flow/cone Hancock Pk 1 Hancock Pk 2 Asay Knoll Bowers Knoll Bowers Knoll 2 
Sample Name PL061808-3 PL061808-2 AB101708-1 HK091406-12 NPB-22 
SiO2 51.39 47.23 51.32 51.57 49.60 
Al2O3 16.66 14.25 15.57 16.38 16.50 
TiO2 1.46 1.58 1.67 1.62 1.42 
Fe2O3 9.42 10.00 8.85 8.85 12.60 
MgO 7.32 10.09 7.20 7.37 6.98 
Na2O 3.27 2.96 3.48 3.66 3.28 
K2O 1.24 1.30 2.46 1.56 0.50 
MnO 0.16 0.16 0.13 0.13 0.18 
CaO 8.48 10.58 7.22 7.17 9.88 
P2O5 0.33 0.76 0.69 0.46 0.21 
Total 99.73 98.91 98.59 98.77 101.15 
Sc NA   NA  NA  NA  NA  
V 181 209 180 169  NA  
Ni 81 198 203 165  NA  
Cu 22 56 42 31  NA  
Ga 18.9 18.5 19.2 19.0  NA  
Rb 15.4 16.6 27.5 17.8 12.0 
Sr 751 1755 1235 728 335 
Y 23.4 25.3 26.3 23.3 31 
Zr 185 203 251 235 132 
Nb 11.9 34.90 29.30 24.3 9 
Ba 780 1715 1545 727 255 
La 34.3 103.50 66.1 34.3 13.7 
Hf 4.1 4.40 5.7 5.4  NA  
Pb 9.0 16.00 13.0 9.0  NA  
Th 2.1 6.34 4.5 3.7  NA  
U 0.6 1.48 0.9 0.9  NA  
Cr 270 520.00 290.00 280 NA   
Co 37 45.10 42.70 37.8 NA   
Zn 96 100 106 95 NA   
Sn 1.00 1.00 1.00 1.00 NA   
Cs 0.25 0.26 0.23 0.16  NA  
Ce 71.30 202.00 141.00 69.40 30.00 
Pr 8.48 23.10 16.85 8.25  NA  
Nd 33.60 85.40 63.60 32.10  NA  
Sm 5.98 12.45 10.45 5.94  NA  
Eu 1.80 3.16 2.81 1.95  NA  
Gd 6.02 11.10 8.93 6.29  NA  
Tb 0.87 1.25 1.19 0.87  NA  
Dy 4.64 5.36 5.41 4.95  NA  
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Ho 0.93 0.98 0.98 0.93  NA  
Er 2.71 2.84 3.00 2.71  NA  
Tm 0.37 0.36 0.32 0.38  NA  
Yb 2.48 2.29 2.33 2.37  NA  
Lu 0.36 0.33 0.29 0.34  NA  
Ta 0.60 1.80 1.60 1.40  NA  
W 2 2 1 1  NA  





Table A1 (Continued): 
  Markagunt Plateau Volcanic Field     
Group/Subfield  Group II       Group III 
Classification Alkaline Calc-Alkaline Calc-Alkaline Alkaline Alkaline 
Flow/cone 
Strawberry 
Knolls Cooper Knoll Red Canyon 
East Fork 
Deep Creek Lake Hollow 
Sample Name AB091506-1 hm101408-2 sf3 cp62001-2 hm101508-2 
SiO2 47.44 50.33 59.21 48.70 49.00 
Al2O3 16.04 15.81 15.57 15.25 16.52 
TiO2 2.31 1.61 1.08 1.54 2.11 
Fe2O3 9.91 10.15 6.31 11.46 10.51 
MgO 7.44 8.64 4.38 8.33 7.81 
Na2O 3.60 3.27 4.32 3.18 3.88 
K2O 1.77 1.18 2.14 1.14 1.76 
MnO 0.15 0.15 0.10 0.17 0.15 
CaO 8.04 8.38 5.32 9.44 7.41 
P2O5 0.67 0.41 0.44 0.45 0.59 
Total 97.37 99.93 98.87 99.66 99.74 
Sc NA   NA  14 NA  NA  
V 190 206 106 190 192 
Ni 132 204 107 120 192 
Cu 39 41 26 55 45 
Ga 18.1 18.90 19.00 18.0 1.6 
Rb 16.1 17.30 30.00 16.0 14.8 
Sr 1085 645 1087 653 853 
Y 26.5 23.9 21 23 24.6 
Zr 290 180 233 140.5 248 
Nb 38.9 25.10 20.20 18.00 34.50 
Ba 709 779 1660 730 655 
La 52.9 37.90 62.00 32.50 38.80 
Hf 6.4 4.20 NA   4.00 5.50 
Pb 11.0 6.00 17.00 NA   6.00 
Th 4.2 4.15 4.00 5.00 2.56 
U 1.2 0.88  NA  0.50 0.84 
Cr 260 430.00 134.00 NA   290.00 
Co 39.5 53.00  NA  38.00 50.20 
Zn 99 103 86 200 117 
Sn 2.00 1.00  NA  2.00 2.00 
Cs 0.20 0.26  NA  0.40 0.27 
Ce 107.50 75.00 117.00 66.00 82.70 
Pr 12.50 8.29  NA  8.20 9.57 
Nd 47.10 31.10 49.00 34.50 36.90 
Sm 8.12 5.82  NA  5.80 6.89 
Eu 2.44 1.81  NA  1.80 2.25 
Gd 8.20 5.52  NA  6.30 6.44 
Tb 1.06 0.84 NA   0.90 0.92 
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Dy 5.60 4.66 NA   4.70 4.93 
Ho 1.06 0.86 NA   0.80 0.91 
Er 2.96 2.62 NA   2.40 2.64 
Tm 0.38 0.32 NA   0.40 0.31 
Yb 2.53 2.31 NA   2.7 2.27 
Lu 0.37 0.28 NA   0.40 0.29 
Ta 2.50 1.30 NA   1.00 1.70 
W 3 1 NA   3 1 





Table A1 (Continued): 
  Markagunt Plateau Volcanic Field     
Group/Subfield  Group III         
Classification Tholeiitic Calc-Alkaline Tholeiitic Calc-Alkaline Tholeiitic 
Flow/cone Duck Creek Deer Valley 
Horse 
Pasture Henrie Knolls 2 
Henrie 
Knolls 
Sample Name HK091406-13 08-nlf4 NNL-12 LEA628HK1 
HK091406-
11 
SiO2 48.54 50.46 49.70 52.15 49.97 
Al2O3 16.87 16.95 16.60 16.24 16.37 
TiO2 1.45 1.48 1.40 1.35 1.41 
Fe2O3 12.01 10.10 11.00 8.91 11.29 
MgO 7.08 6.74 7.88 7.90 7.61 
Na2O 3.01 3.47 3.15 3.58 3.06 
K2O 0.41 0.79 0.53 1.28 0.69 
MnO 0.17 0.16 0.17 0.15 0.16 
CaO 9.34 10.03 9.90 8.19 8.94 
P2O5 0.16 0.33 0.28 0.36 0.24 
Total 99.04 100.51 100.61 100.11 99.74 
Sc NA   35 NA  28 NA  
V 222 238 NA   165 207 
Ni 139 48 116 134 145 
Cu 125 34 73 46 66 
Ga 19.6 17 NA   18.0 19.20 
Rb 5.3 10 10.00 13.8 8.50 
Sr 351 565 425 696 650 
Y 23.8 17 25 24.76 22.6 
Zr 117 199 156 157 139 
Nb 4.6 13 8.60 14.49 7.40 
Ba 225 780 445 802 574 
La 12.4 14 22.00 32.2 25.40 
Hf 2.9 6 NA   3.8 3.40 
Pb <5 3 NA   6.5 8.00 
Th 0.9 8 NA   2.3 1.65 
U 0.2  NA  NA   0.6 0.45 
Cr 210  NA  270.00 234 270.00 
Co 49.1  NA  NA   NA  48.80 
Zn 109  NA  85 82 107 
Sn 1.00  NA  NA   NA  1 
Cs 0.07 NA   NA  0.23 0.14 
Ce 27.70  NA  46.00 61.52 54.70 
Pr 3.62 NA   NA   6.95 6.74 
Nd 15.70 NA   NA   27.80 26.80 
Sm 3.82 NA   NA   5.84 5.16 
Eu 1.38 NA   NA   1.77 1.65 
Gd 4.25  NA  NA   5.03 5.61 
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Tb 0.72  NA  NA   0.80 0.77 
Dy 4.72  NA  NA   4.76 4.53 
Ho 0.95  NA   NA  0.84 0.93 
Er 2.79  NA   NA  2.54 2.71 
Tm 0.40  NA   NA  0.36 0.37 
Yb 2.44  NA   NA  2.15 2.27 
Lu 0.37  NA   NA  0.35 0.35 
Ta 0.30  NA   NA  1.01 0.40 
W 1  NA   NA  NA   1 





Table A1 (Continued): 
  Markagunt Plateau Volcanic Field     
Group/Subfield   Group III        
Classification Calc-Alkaline Calc-Alkaline Calc-Alkaline Calc-Alkaline Calc-Alkaline 
Flow/cone Red Desert Navajo Lake Miller Knoll-1 Miller Knoll-2 Miller Knoll-3 
Sample Name NNL-16 LEA627NN1 PL082207-2 PL082207-1 PL082207-3 
SiO2 52.80 53.45 52.33 55.02 59.77 
Al2O3 15.50 16.03 16.16 15.88 15.82 
TiO2 1.20 1.29 1.44 1.32 1.01 
Fe2O3 9.31 8.22 9.25 7.80 6.78 
MgO 7.72 6.67 7.37 5.96 4.13 
Na2O 3.35 4.11 3.75 3.94 3.87 
K2O 1.33 1.52 1.63 2.16 2.29 
MnO 0.14 0.14 0.14 0.11 0.10 
CaO 8.07 7.56 6.98 6.50 5.15 
P2O5 0.38 0.48 0.41 0.50 0.34 
Total 99.80 99.47 99.46 99.19 99.26 
Sc NA   23 NA   NA   NA   
V NA   149 111 120 180 
Ni 134 112 87 139 221 
Cu 40 39 31 38 71 
Ga NA   17.0 17.7 17.2 21.5 
Rb 19.00 11.5 26.8 19.3 19.6 
Sr 820 1218 919 1300 1090 
Y 24 26.45 15.2 17.5 22.1 
Zr 200 207 180 192 201 
Nb 17.00 20.42 13.4 16.9 22.8 
Ba 1000 1505 1480 1530 1290 
La 34.00 56.5 55.2 70.3 55.6 
Hf NA   4.7 4.2 4.4 4.6 
Pb NA   15.2 19.0 18.0 15.0 
Th NA   3.4 3.7 3.5 3.5 
U NA   1.1 1.2 1.3 1.4 
Cr 275.00 213 110 150 280 
Co NA   NA   20 26.1 42.8 
Zn 80 89 88 94 122 
Sn  NA  NA   1.00 1.00 1.00 
Cs  NA  0.12 0.49 0.41 0.51 
Ce 73.00 104.68 111.00 144.00 111.50 
Pr  NA  11.63 12.55 16.95 12.90 
Nd  NA  44.61 43.60 60.30 46.30 
Sm  NA  7.94 6.48 8.74 7.42 
Eu  NA  2.18 1.63 2.24 2.09 
Gd  NA  6.06 5.83 7.63 6.91 
Tb  NA  0.86 0.66 0.83 0.84 
Dy  NA  4.81 3.09 3.74 4.32 
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Ho  NA  0.94 0.55 0.63 0.80 
Er  NA  2.44 1.69 1.99 2.48 
Tm  NA  0.34 0.20 0.24 0.30 
Yb  NA  2.04 1.37 1.49 2.07 
Lu  NA  0.32 0.19 0.22 0.30 
Ta  NA  1.17 0.70 0.90 1.30 
W  NA   NA  1 1 2 





Table A1 (Continued): 
  Markagunt Plateau Volcanic Field Black Rock Desert Volcanic Field   
Group/Subfield  Group III    Miocene Rocks     
Classification Calc-Alkaline Calc-Alkaline Calc-Alkaline Calc-Alkaline Calc-Alkaline 
Flow/cone Dry Valley Panguitch Lake 
Rocky Ford 
Reservoir Mahogany Knoll Gillies Hill 
Sample Name PL070507-3 PL082407-2 09-br112 09-br113 09-br102 
SiO2 57.58 59.69 57.28 57.68 70.60 
Al2O3 14.93 15.55 15.41 16.03 15.28 
TiO2 1.00 1.03 0.96 1.14 0.39 
Fe2O3 6.76 6.41 7.81 7.65 2.60 
MgO 4.60 3.93 5.29 3.94 0.76 
Na2O 4.03 4.11 3.58 3.60 3.37 
K2O 2.74 2.49 2.30 2.53 4.61 
MnO 0.10 0.09 0.13 0.12 0.04 
CaO 6.08 5.28 7.47 7.43 2.38 
P2O5 0.72 0.50 0.21 0.26 0.16 
Total 98.54 99.08 100.44 100.37 100.19 
Sc NA   NA   23 22 6 
V 120 104 172 196 37 
Ni 114 93 74 31 4 
Cu 39 26 33 35 15 
Ga 20.1 19.7 15.0 15.0 19.0 
Rb 31.6 27.9 53.0 52.0 143.0 
Sr 2290 1635 439 536 398 
Y 21.2 18.5 22 25 30 
Zr 221 222 168 193 197 
Nb 18.3 17.4 14 21 11 
Ba 2980 2190 956 910 1095 
La 125.5 89.9 43.0 40.0 61.0 
Hf 5.1 5.0 4.0 6.0 8.0 
Pb 30.0 27.0 8.0 7.0 18.0 
Th 5.9 4.9 10.0 12.0 20.0 
U 1.7 1.7 1.0 0.0 NA   
Cr 130 110  NA  NA   NA   
Co 22.2 19.1  NA  NA   NA   
Zn 109 100  NA  NA   NA   
Sn 1.00 1.00  NA  NA   NA   
Cs 0.63 0.61  NA  NA   NA   
Ce 261.00 187.50  NA  NA   NA   
Pr 30.70 21.70  NA  NA   NA   
Nd 111.00 75.80  NA  NA   NA   
Sm 15.50 10.60  NA  NA   NA   
Eu 3.51 2.59  NA  NA   NA   
Gd 12.40 9.23  NA  NA   NA   
Tb 1.18 0.93  NA  NA   NA   
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Dy 4.63 3.88  NA  NA   NA   
Ho 0.75 0.65  NA  NA   NA   
Er 2.34 2.07  NA  NA   NA   
Tm 0.25 0.23  NA  NA   NA   
Yb 1.69 1.58  NA  NA   NA   
Lu 0.23 0.21  NA  NA   NA   
Ta 0.90 0.90  NA  NA   NA   
W 2 1  NA  NA   NA   





Table A1 (Continued): 
  Black Rock Desert Volcanic Field     
Group/Subfield Cove Fort         
Classification Tholeiitic Calc-Alkaline Calc-Alkaline Calc-Alkaline Calc-Alkaline 
Flow/cone Black Rock 
Crater Knoll/ Red 
Knoll 
Crater Knoll/ Red 
Knoll Bailey Ridge S. Twin Flat 
Sample Name 09-br58 09-br99 09-br98 09-br79 09-br106 
SiO2 48.84 54.12 58.94 79.02 77.24 
Al2O3 17.01 17.67 16.04 12.92 12.78 
TiO2 1.28 1.09 0.93 0.16 0.10 
Fe2O3 10.42 8.22 7.32 0.86 0.65 
MgO 8.17 4.83 3.66 0.31 0.07 
Na2O 3.08 3.24 3.28 3.76 4.21 
K2O 0.60 1.44 2.59 5.05 4.63 
MnO 0.16 0.13 0.12 0.05 0.07 
CaO 10.30 8.62 6.85 0.80 0.30 
P2O5 0.30 0.35 0.39 0.02 0.01 
Total 100.17 99.71 100.12 102.95 100.06 
Sc 32 23 20 1 0 
V 222 192 162   0 
Ni 126 64 39 2 2 
Cu 56 29 27 4 3 
Ga 15.0 19.0 16.0 16.0 19.0 
Rb 9.0 21.0 48.0 182.0 300.0 
Sr 446 811 628 43 1 
Y 22 19 29 43 60 
Zr 133 191 274 102 87 
Nb 6 8 14 24 41 
Ba 457 909 1259 165   
La 20.1 30.0 43.0 45.6 31.0 
Hf 2.9 6.0 12.0 3.8 2.0 
Pb 1.0 6.0 10.0 21.0 38.0 
Th 1.2 11.0 12.0 18.8 38.0 
U 0.3  NA  NA   5.1 15.0 
Cr 130  NA  NA   < 20 NA   
Co 167  NA  NA   48 NA   
Zn 80  NA  NA   < 30 NA   
Sn 2  NA  NA   < 1 NA   
Cs < 0.5  NA  NA   3.5 NA   
Ce 44.7  NA  NA   81.2 NA   
Pr 5.86  NA  NA   7.74 NA   
Nd 22.7  NA  NA   20.5 NA   
Sm 5.1  NA  NA   3.1 NA   
Eu 1.65  NA  NA   0.35 NA   
Gd 4.9  NA  NA   2.2 NA   
Tb 0.8  NA  NA   0.4 NA   
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Dy 5.2  NA  NA   2.3 NA   
Ho 1.1  NA  NA   0.5 NA   
Er 3.3  NA  NA   1.8 NA   
Tm 0.5  NA  NA   0.33 NA   
Yb 3.1  NA  NA   2.4 NA   
Lu 0.47  NA  NA   0.38 NA   
Ta 0.5  NA  NA   3.2 NA   
W 419  NA  NA   290 NA   





Table A1 (Continued): 
  Black Rock Desert Volcanic Field     
Group/Subfield Cove Fort       Twin Peaks 
Classification Calc-Alkaline Calc-Alkaline Calc-Alkaline Calc-Alkaline Calc-Alkaline 
Flow/cone 
Big Cedar 
Cove Bearskin Mtn Cove Fort Cedar Grove Coyote Hills 
Sample Name 09-br109 09-br108 08-br39 09-br77 09-br60 
SiO2 79.36 78.17 56.38 59.16 71.16 
Al2O3 13.29 13.04 15.84 15.47 13.48 
TiO2 0.10 0.09 1.40 0.94 0.46 
Fe2O3 0.66 0.66 8.83 6.55 2.88 
MgO 0.18 0.09 4.26 3.77 0.58 
Na2O 4.42 4.30 3.75 3.26 3.42 
K2O 4.58 4.61 2.23 2.90 5.07 
MnO 0.08 0.08 0.15 0.11 0.05 
CaO 0.49 0.40 7.27 8.20 2.36 
P2O5 0.01 0.02 0.83 0.32 0.10 
Total 103.16 101.46 100.93 100.68 99.57 
Sc 2 2 21 21 7 
V NA  NA 207 152 22 
Ni 2 1 29 36 3 
Cu 3 3 14 30 6 
Ga 19.0 20.0 19.0 16.0 17.0 
Rb 302.0 298.0 49.0 57.0 116.0 
Sr 5 1 557 588 183 
Y 57 58 24 29 57 
Zr 84 83 225 250 326 
Nb 40 39 15 12 20 
Ba  NA NA  1027 1121 1410 
La 27.0 25.0 47.9 53.6 93.0 
Hf 3.0 1.0 4.9 5.3 13.0 
Pb 40.0 39.0 16.0 12.0 17.0 
Th 39.0 36.0 5.7 6.7 11.0 
U 13.0 13.0 1.5 1.2 2.0 
Cr NA   NA   20 40 NA   
Co NA   NA   40 25 NA   
Zn NA   NA   130 80 NA   
Sn NA   NA   1 < 1 NA   
Cs NA   NA   1 0.5 NA   
Ce NA   NA   107 109 NA   
Pr NA   NA   12.2 12.7 NA   
Nd NA   NA   44.6 39 NA   
Sm NA   NA   9.5 7.5 NA   
Eu NA   NA   2.41 1.76 NA   
Gd NA   NA   7.4 5.9 NA   
Tb NA   NA   1.1 0.8 NA   
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Dy NA   NA   6.1 4.8 NA   
Ho NA   NA   1.2 1 NA   
Er NA   NA   3.6 2.9 NA   
Tm NA   NA   0.54 0.42 NA   
Yb NA   NA   3.5 2.6 NA   
Lu NA   NA   0.53 0.38 NA   
Ta NA   NA   1.4 1.1 NA   
W NA   NA   86 86 NA   





Table A1 (Continued): 
  Black Rock Desert Volcanic Field       
Group/Subfield Twin Peaks           
Classification Calc-Alkaline Calc-Alkaline Calc-Alkaline Transitional Alkaline Calc-Alkaline 
Flow/cone Cudahy Mine Cove Creek Cove Creek Cove Creek Cove Creek N.Twin Peak 
Sample Name 09-br55 09-br154 09-br52 09-br146 09-br50 08-br32 
SiO2 75.43 55.80 56.92 50.85 47.49 72.94 
Al2O3 12.88 16.99 16.89 15.99 15.22 13.48 
TiO2 0.08 1.10 1.15 1.74 1.61 0.43 
Fe2O3 0.90 7.65 7.17 11.21 11.87 2.77 
MgO 0.36 5.27 3.54 6.32 9.19 0.53 
Na2O 3.81 3.58 3.48 3.17 3.59 3.87 
K2O 4.77 2.44 2.13 1.26 0.83 4.62 
MnO 0.06 0.14 0.13 0.17 0.18 0.03 
CaO 2.27 8.22 7.73 9.53 10.51 1.75 
P2O5 0.05 0.40 0.46 0.62 0.44 0.11 
Total 100.61 101.58 99.61 100.86 100.92 100.53 
Sc 4 24 26 29 30 5 
V NA  146 197 257 262 31 
Ni 3 70 45 90 183 4 
Cu 6 20 48 45 40 2 
Ga 18.0 16 20.0 17 16.0 15.0 
Rb 252.0 37 34.0 19 9.0 120.0 
Sr 30 623 715 486 340 190 
Y 92 29 31 31 27 32 
Zr 84 376 244 209 137 269 
Nb 32 11 12 13 10 17 
Ba 42 2024 1178 797 519 998 
La 12.8 67 52.3 34 21.0 91.4 
Hf 4.9 8 5.6 6 3.0 7.8 
Pb 22.0 5 8.0 5 2.0 17.0 
Th 24.1 9 3.3 5 1.3 16.1 
U 6.8 NA  1.2 NA  0.3 2.5 
Cr < 20 NA  50 NA  260 < 20 
Co 251 NA  37 NA  41 368 
Zn < 30 NA  80 NA  50 160 
Sn 2 NA  1 NA  < 1 1 
Cs 3.6 NA  1.2 NA  < 0.5 3.2 
Ce 32.5 NA  106 NA  46.2 179 
Pr 4.65 NA  12.7 NA  6.27 17.7 
Nd 21.1 NA  42.4 NA  24.7 56.8 
Sm 5.8 NA  8.6 NA  6 10.2 
Eu 0.22 NA  2.17 NA  1.79 1.47 
Gd 5.7 NA  7 NA  5.7 7.2 
Tb 1.2 NA  1.1 NA  1 1.1 
Dy 7.9 NA  6.2 NA  6.2 6.5 
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Ho 1.8 NA  1.2 NA  1.3 1.3 
Er 6 NA  3.6 NA  3.7 4.2 
Tm 1.05 NA  0.53 NA  0.52 0.66 
Yb 7.4 NA  3.3 NA  3.3 4.5 
Lu 1.13 NA  0.48 NA  0.49 0.67 
Ta 3.1 NA  1.2 NA  1.3 1.4 
W 779 NA  118 NA  106 1110 





Table A1 (Continued): 
  Black Rock Desert Volcanic Field       
Group/Subfield Twin Peaks       Beaver Ridge   
Classification Calc-Alkaline Calc-Alkaline Calc-Alkaline Transitional Tholeiitic Tholeiitic 
Flow/cone S. Twin Peak Lava Ridge Burnt Mtn Burnt Mtn Beaver Ridge 
Beaver 
Ridge 
Sample Name 09-br51 08-br35 09-br62 09-br153a 08-br18 09-br128 
SiO2 76.00 53.85 53.92 49.53 52.05 55.93 
Al2O3 12.34 16.46 16.31 16.21 13.62 13.24 
TiO2 0.10 1.15 1.15 1.35 2.14 1.90 
Fe2O3 1.01 8.20 7.92 10.40 14.16 13.91 
MgO 0.19 6.14 6.07 8.06 4.11 3.63 
Na2O 3.34 3.55 3.60 3.57 3.02 3.17 
K2O 4.97 2.06 2.00 0.95 1.06 1.51 
MnO 0.03 0.14 0.14 0.17 0.22 0.21 
CaO 2.03 8.01 8.27 10.10 8.93 7.37 
P2O5 0.02 0.32 0.31 0.42 0.50 0.46 
Total 100.02 99.88 99.69 100.76 99.81 101.33 
Sc 2 27 24 30 33 27 
V 0 184 181 220 349 257 
Ni 2 87 82 125 38 32 
Cu 3 30 31 42 26 22 
Ga 16.0 16.0 15.0 14 18.0 18 
Rb 205.0 32.0 34.0 10 13.0 21 
Sr 50 666 662 779 292 292 
Y 67 21 27 21 31 57 
Zr 84 316 293 189 235 319 
Nb 21 11 11 8 13 16 
Ba 21 1637 1790 884 727 900 
La 23.7 62.1 72.3 55 28.4 28 
Hf 4.0 5.0 6.3 5 5.3 9 
Pb 30.0 4.0 12.0 4 0.0 4 
Th 20.7 4.6 4.9 9 1.5 NA  
U 5.2 0.9 1.1 NA  0.5 NA  
Cr < 20 100 90 NA  40 NA  
Co 27 174 219 NA  101 NA  
Zn < 30 < 30 90 NA  80 NA  
Sn 3 < 1 < 1 NA  < 1 NA  
Cs 3.4 < 0.5 < 0.5 NA  < 0.5 NA  
Ce 53.9 129 147 NA  66.7 NA  
Pr 6.71 13.9 17.2 NA  8.07 NA  
Nd 24.5 47.1 54.8 NA  35 NA  
Sm 5.4 9.1 9.4 NA  9.1 NA  
Eu 0.34 2.41 2.58 NA  2.7 NA  
Gd 4.7 6.7 7 NA  9.2 NA  
Tb 0.9 1 1 NA  1.5 NA  
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Dy 5.8 5.3 5.8 NA  9.4 NA  
Ho 1.3 1 1.2 NA  2 NA  
Er 4.2 3.2 3.5 NA  6.1 NA  
Tm 0.75 0.48 0.52 NA  0.93 NA  
Yb 5.3 3.1 3.3 NA  6 NA  
Lu 0.78 0.48 0.47 NA  0.9 NA  
Ta 2.8 0.8 0.8 NA  0.8 NA  
W 164 461 575 NA  254 NA  





Table A1 (Continued): 
  Black Rock Desert Volcanic Field       
Group/Subfield Beaver Ridge           
Classification Tholeiitic Tholeiitic Tholeiitic Tholeiitic Tholeiitic Calc-Alkaline 








Ridge II White Mtn 
Sample Name 09-br136 09-br130 08-br26 08-br25 08-br24 08-br1 
SiO2 57.47 65.96 67.43 47.97 51.28 73.17 
Al2O3 13.22 12.65 12.67 16.18 15.67 13.45 
TiO2 1.83 1.09 0.98 1.49 1.73 0.17 
Fe2O3 11.79 9.17 8.28 11.36 12.45 1.94 
MgO 3.28 1.01 0.83 7.18 5.19 0.56 
Na2O 3.59 3.27 3.30 3.42 3.50 4.03 
K2O 1.67 2.71 2.66 0.62 1.02 4.83 
MnO 0.20 0.15 0.15 0.19 0.19 0.08 
CaO 6.70 4.04 3.85 10.99 8.60 1.39 
P2O5 0.44 0.33 0.26 0.38 0.36 0.04 
Total 100.20 100.38 100.41 99.79 99.99 99.65 
Sc 30 18 24 29 34 5 
V 242 32 39 284 316 11 
Ni 27 4 2 68 48 9 
Cu 21 3 6 25 36 6 
Ga 17 19 16.0 16.0 16.0 22.0 
Rb 22 54 57.0 7.0 15.0 286.0 
Sr 267 272 260 486 380 26 
Y 60 74 45 21 23 71 
Zr 343 425 265 153 186 116 
Nb 17 22 25 8 10 39 
Ba 827 936 1051 593 628 74 
La 45 55 57.0 27.9 29.1 16.6 
Hf 8 11 11.4 2.7 4.1 5.9 
Pb 7 11 12.0 2.0 4.0 32.0 
Th 0 4 6.3 1.5 2.3 29.9 
U NA  0 1.7 0.3 0.4 9.4 
Cr NA  NA  < 20 70 30 < 20 
Co NA  NA  28 28 39 269 
Zn NA  NA  130 < 30 50 40 
Sn NA  NA  3 < 1 < 1 11 
Cs NA  NA  0.6 < 0.5 < 0.5 4.9 
Ce NA  NA  128 65.8 64 43.7 
Pr NA  NA  14.6 7.66 7.26 5.31 
Nd NA  NA  58.6 29.2 28.7 24.7 
Sm NA  NA  13.5 6.5 6.7 6.9 
Eu NA  NA  3.27 1.94 2.07 0.32 
Gd NA  NA  12.6 5.9 6.5 8 
Tb NA  NA  2.2 0.9 1.1 1.6 
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Dy NA  NA  13 5.7 6.4 11.5 
Ho NA  NA  2.7 1.1 1.3 2.7 
Er NA  NA  8.4 3.6 4.1 9.4 
Tm NA  NA  1.31 0.55 0.63 1.63 
Yb NA  NA  8.4 3.5 4 12 
Lu NA  NA  1.31 0.54 0.6 1.92 
Ta NA  NA  2 0.7 1.8 3.8 
W NA  NA  145 33 128 788 





Table A1 (Continued): 
  Black Rock Desert Volcanic Field       
Group/Subfield Ice Springs           
Classification Tholeiitic Calc-Alkaline Tholeiitic Transitional Transitional Transitional 
Flow/cone Deseret Pot Mountain 
Sunstone 
Knoll Pahvant I Pahvant II 
Tabernacle 
Hill 
Sample Name 09-br48 09-br49 09-br89 08-br22 08-br29 08-br15 
SiO2 48.57 53.08 46.38 49.71 50.59 48.45 
Al2O3 14.57 16.45 15.98 16.93 16.80 16.22 
TiO2 2.44 1.19 2.00 1.44 1.40 1.55 
Fe2O3 14.09 9.42 13.45 9.08 9.49 11.40 
MgO 5.96 6.35 7.52 7.02 7.27 7.73 
Na2O 3.25 3.21 2.97 3.21 3.17 3.12 
K2O 0.88 1.12 0.52 1.01 1.13 0.95 
MnO 0.21 0.16 0.20 0.16 0.15 0.18 
CaO 9.47 8.86 9.40 11.12 10.20 9.38 
P2O5 0.56 0.22 0.38 0.36 0.32 0.42 
Total 99.99 100.06 98.80 100.03 100.52 99.40 
Sc 34 28 28 34 32 28 
V 384 201 318 258 250 258 
Ni 60 71 82 73 74 102 
Cu 23 46 40 42 42 34 
Ga 19.0 15.0 19.0 15.0 15.0 17.0 
Rb 12.0 24.0 6.0 17.0 20.0 15.0 
Sr 325 235 268 450 397 400 
Y 41 37 33 18 18 19 
Zr 199 199 143 157 147 146 
Nb 11 11 9 14 12 13 
Ba 688 451 348 576 574 571 
La 32.1 27.3 NA  20.4 18.0 24.2 
Hf 4.8 5.1 4.0 3.2 2.8 2.9 
Pb 5.0 2.0 1.0 0.0 0.0 0.0 
Th 1.5 3.0 2.0 2.0 1.8 2.1 
U 0.5 0.9 NA  0.6 0.5 0.7 
Cr 70 40 NA  170 170 190 
Co 56 238 NA  41 124 146 
Zn 120 70 NA  80 30 50 
Sn < 1 < 1 NA  2 < 1 < 1 
Cs < 0.5 < 0.5 NA  < 0.5 < 0.5 0.5 
Ce 71.8 58.6 NA  44.9 40 53.3 
Pr 9.48 7.46 NA  5.11 4.56 5.99 
Nd 37.2 28 NA  20.3 18.8 23.8 
Sm 8.4 6.7 NA  4.8 4.3 5.5 
Eu 2.69 1.7 NA  1.52 1.39 1.77 
Gd 8.5 6.6 NA  4.6 4.3 5.2 
Tb 1.5 1.2 NA  0.8 0.7 0.9 
 181 
 
Dy 9.1 7.3 NA  4.6 4.2 5.1 
Ho 1.9 1.6 NA  0.9 0.9 1.1 
Er 5.6 4.7 NA  2.8 2.7 3.2 
Tm 0.83 0.71 NA  0.42 0.4 0.48 
Yb 5.1 4.4 NA  2.7 2.5 3.1 
Lu 0.73 0.64 NA  0.41 0.39 0.48 
Ta 1.4 0.8 NA  1.3 0.9 1 
W 147 633 NA  68 305 367 





Table A1 (Continued): 
  Black Rock Desert Volcanic Field       
Group/Subfield Ice Springs   Furmarole Butte       
Classification Transitional Transitional Calc-Alkaline Calc-Alkaline Tholeiitic Tholeiitic 
Flow/cone Ice Springs Ice Springs Topaz Mountain Keg Mountain North Butte 
Smelter 
Knolls 
Sample Name 08-br8 08-br28 09-br82 09-br68 09-br74 09-br46 
SiO2 49.02 51.13 76.28 80.92 47.57 48.06 
Al2O3 15.00 15.35 12.30 13.12 14.68 15.51 
TiO2 1.92 1.52 0.09 0.19 1.90 1.39 
Fe2O3 11.73 10.00 0.92 1.37 12.71 10.73 
MgO 7.56 7.99 0.16 0.45 7.06 10.65 
Na2O 2.91 2.96 3.58 3.57 2.81 2.25 
K2O 1.10 1.41 4.84 4.93 1.17 0.39 
MnO 0.18 0.16 0.06 0.04 0.18 0.17 
CaO 9.54 9.19 1.97 1.30 9.38 10.82 
P2O5 0.58 0.42 0.01 0.04 0.67 0.29 
Total 99.54 100.13 100.21 105.93 98.13 100.25 
Sc 34 30 4 4 31 31 
V 299 249 NA  7 300 246 
Ni 115 133 3 2 110 223 
Cu 43 43 2 4 39 52 
Ga 16.0 16.0 19.0 16.0 17.0 13.0 
Rb 18.0 27.0 430.0 276.0 22.0 7.0 
Sr 388 357 39 61 606 239 
Y 23 23 107 79 38 16 
Zr 193 196 101 123 259 100 
Nb 17 19 64 33 21 7 
Ba 680 665 7 135 1277 424 
La 28.4 31.6 25.0 54.4 51.7 13.8 
Hf 3.4 3.4 2.0 5.2 4.6 2.4 
Pb 0.0 3.0 45.0 22.0 < 5 < 5 
Th 1.9 2.7 56.0 42.3 2.5 0.9 
U 0.5 0.8 21.0 8.7 0.8 0.3 
Cr 220 260 NA  < 20 150 410 
Co 36 131 NA  324 29 166 
Zn 50 30 NA  30 30 40 
Sn < 1 < 1 NA  1 < 1 < 1 
Cs < 0.5 < 0.5 NA  5.6 < 0.5 < 0.5 
Ce 64.7 68.5 NA  106 104 28.2 
Pr 7.52 7.62 NA  11.9 12.5 3.68 
Nd 30.7 30.2 NA  37.7 43.2 14.5 
Sm 7.3 6.8 NA  7 8.7 3.6 
Eu 2.26 1.98 NA  0.46 2.42 1.3 
Gd 7 6.6 NA  5.6 7.6 3.7 
Tb 1.1 1.1 NA  1.1 1.2 0.7 
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Dy 6.7 6.4 NA  6.8 7.2 4.2 
Ho 1.4 1.3 NA  1.4 1.5 0.9 
Er 4.1 4.1 NA  4.7 4.2 2.7 
Tm 0.61 0.62 NA  0.86 0.61 0.39 
Yb 4 4 NA  5.9 3.7 2.4 
Lu 0.6 0.61 NA  0.86 0.55 0.33 
Ta 1.5 1.3 NA  3.7 1.9 0.5 
W 57 332 NA  1030 96 441 





Table A1 (Continued): 
  Black Rock Desert Volcanic Field     
Group/Subfield Furmarole Butte       
Classification Calc-Alkaline Calc-Alkaline Calc-Alkaline Tholeiitic Tholeiitic 
Flow/cone North Butte 
Honeycomb 
Hills Smelter Knolls 
Fumarole 
Butte Smelter Knolls 
Sample Name 09-br71 09-br85 09-br43 09-br40 09-br47 
SiO2 76.78 74.31 77.28 56.43 47.67 
Al2O3 11.80 13.59 13.05 14.37 15.20 
TiO2 0.19 0.03 0.07 2.04 1.98 
Fe2O3 1.10 0.88 1.23 10.75 12.87 
MgO 0.29 0.05 0.26 2.79 7.55 
Na2O 2.79 3.74 4.02 3.90 2.93 
K2O 5.75 4.52 4.99 2.32 0.86 
MnO 0.03 0.05 0.04 0.19 0.19 
CaO 1.17 1.95 1.23 6.58 10.48 
P2O5 0.04 0.01 0.02 1.12 0.46 
Total 99.94 99.13 102.19 100.49 100.19 
Sc 1 4 5 22 30 
V 4   0 209 292 
Ni 3 6 4 4 111 
Cu 4 3 4 10 33 
Ga 15.0 28.0 24.0 19.0 16.0 
Rb 306.0 1070.0 442.0 42.0 13.0 
Sr 44 33 30 430 363 
Y 92 272 233 67 33 
Zr 149 55 111 368 175 
Nb 45 65 50 28 14 
Ba 103 NA  5 1443 743 
La 69.4 44.0 43.0 72.3 22.8 
Hf 5.6 NA  6.5 9.5 4.1 
Pb 22.0 48.0 30.0 9.0 < 5 
Th 41.8 26.0 47.7 5.3 1.5 
U 10.6 25.0 6.6 1.3 0.7 
Cr < 20 NA  < 20 < 20 160 
Co 308 NA  52 44 205 
Zn < 30 NA  < 30 120 90 
Sn 2 NA  2 1 3 
Cs 4.2 NA  15.3 0.7 < 0.5 
Ce 134 NA  95.7 154 49.7 
Pr 13.8 NA  12.3 19 6.72 
Nd 40.4 NA  52 70 26.9 
Sm 7.5 NA  13.1 14.8 6.5 
Eu 0.46 NA  0.1 3.98 2.07 
Gd 5.9 NA  14 13.1 6.5 
Tb 1.1 NA  3.1 2.2 1.1 
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Dy 7.4 NA  21.5 12.9 6.9 
Ho 1.6 NA  4.7 2.6 1.5 
Er 5 NA  15.5 7.6 4.3 
Tm 0.84 NA  2.58 1.11 0.65 
Yb 5.5 NA  17.1 6.8 4 
Lu 0.73 NA  2.37 0.99 0.57 
Ta 4.3 NA  8.1 2.6 1 
W 1010 NA  411 200 513 


















Table 4-3: Selected Whole Rock Geochemical Data for the Enigma Volcano 
 
  
Upper Enigma Volcano 
              




































Position 23 22 21 21 20 19 19 19 18 17 15 13 12 
SiO2 (wt. %) 62.84 54.43 56.51 55.60 61.63 65.85 66.54 65.67 65.18 63.89 52.48 55.41 57.17 
Al2O3 (wt. %) 16.08 16.75 15.92 15.46 15.71 15.42 15.79 15.64 15.56 16.36 14.77 15.17 15.40 
TiO2 (wt. %) 0.83 1.13 1.21 1.14 0.85 0.56 0.63 0.60 0.60 0.69 1.31 1.25 1.00 
Fe2O3 (wt. %) 4.80 7.49 6.61 6.96 4.79 3.79 4.01 3.89 3.93 4.42 8.05 6.91 6.60 
MgO (wt. %) 2.37 3.55 5.56 4.76 2.61 1.94 1.50 2.12 1.63 2.08 7.14 5.70 5.48 
Na2O (wt. %) 3.78 3.63 3.93 3.71 3.65 3.60 3.82 4.00 3.80 4.25 3.29 3.67 3.64 
K2O (wt. %) 3.67 3.74 3.20 3.31 3.75 4.04 4.31 3.69 4.32 4.03 2.92 3.14 3.34 
MnO (wt. %) 0.06 0.12 0.11 0.10 0.07 0.06 0.06 0.06 0.06 0.08 0.12   0.10 
CaO (wt. %) 4.91 6.27 6.71 7.44 4.56 3.47 3.62 3.47 3.32 4.14 8.63 7.35 7.11 
P2O5 (wt. %) 0.39 0.68 0.50 0.49 0.40 0.23 0.25 0.24 0.27 0.36 0.71 0.62 0.48 
Total (wt. %) 99.74 97.79 100.26 98.98 98.02 98.96 100.53 99.37 98.67 100.30 99.42 99.49 100.31 
Sc (ppm) 10 15 17 13 10 6 10 8 9 7 23 17 18 
V (ppm) 109 215 162 171 105 68 63 69 66 81 194 168 145 
Ni (ppm) 31 38 115 109 31 29 26 29 19 16 95 82 100 
Cu (ppm) 30 35 42 41 28 25 19 15 22 21 44 40 41 
Ga (ppm) 20 18 20 19 20 20 17 19 19 20 17 18 19 
Rb (ppm) 46 78 67 77 79 92 100 119 107 116 48 48 61 
Sr (ppm) 1085 1334 1116 1120 1030 784 707 775 803 1002 1381 1414 1464 
Y (ppm) 18 25 22 25 25 18 21 28 20 30 23 18 21 
Zr (ppm) 346 432 370 373 350 250 269 281 292 353 243 358 342 
Nb (ppm) 13 18 19 18 13 12 15 13 15 16 15 17 15 
Ba (ppm) 1569 1584 1522 1508 1574 1532 1414 1526 1435 1549 1788 1781 1819 
La (ppm) 81 86 62 73 56 49 54 51 61 78 96 96 93 
  
188 
Hf (ppm) 10 12 16 9 9 8 7 8 9 9 13 14 15 
Pb (ppm) 14 10 11 12 14 22 18 17 22 14 7 10 17 
Th (ppm) 20 26 22 21 19 11 17 17 14 21 20 20 33 
U (ppm)       0 nd 4     5   0 2.3 0 
Cr (ppm)   50   180       40   20 210 250 200 
Co (ppm)   115   120       150   228 119 27 162 
Zn (ppm)   90   70       70   60 100 90 70 
Ge (ppm)   1   1       1   1 2 2 1 
As (ppm)   19   6       < 5   < 5 < 5 < 5 < 5 
Mo (ppm)   < 2   < 2       < 2   < 2 < 2 < 2 < 2 
Ag (ppm)   < 0.5   < 0.5       < 0.5   < 0.5 0.7 1.3 1.3 
In (ppm)   < 0.2   < 0.2       < 0.2   < 0.2 < 0.2 < 0.2 < 0.2 
Sn (ppm)   < 1   < 1       < 1   < 1 2 2 1 
Sb (ppm)   1.7   0.8       0.8   1.8 < 0.5 < 0.5 < 0.5 
Cs (ppm) 1.6 1 2.5 1.6 1.0 1.0 1.0 1.4 1.7 2.1 < 0.5 1.1 1 
Ce (ppm) 114.5 165 149.3 139 134.2 98.8 105.0 89.2 121.4 124 211 163 174 
Pr (ppm) 12.8 20.4 17.3 17.1 15.4 11.0 11.6 10.4 13.4 14.6 23.8 19.4 20.6 
Nd (ppm) 45.6 66.4 64.9 54.8 56.0 38.8 40.8 31.5 46.7 44.9 86.8 72.9 75.2 
Sm (ppm) 7.5 10.9 10.9 9.3 9.1 6.5 6.8 5.2 7.6 7.3 13.7 11.7 12.1 
Eu (ppm) 1.8 2.74 2.6 2.29 2.2 1.6 1.6 1.31 1.7 1.78 3.08 2.81 2.81 
Gd (ppm) 5.3 7.9 7.5 6.4 6.3 4.7 4.9 3.9 5.3 5.2 8.8 7.2 7.3 
Tb (ppm) 0.7 1.1 1.0 0.9 0.8 0.6 0.7 0.6 0.7 0.7 1.1 0.9 0.9 
Dy (ppm) 3.6 5.4 5.0 4.6 4.1 3.4 3.6 2.9 3.7 3.7 5.2 4.3 4.2 
Ho (ppm) 0.7 0.9 0.9 0.8 0.7 0.6 0.7 0.5 0.7 0.7 0.9 0.8 0.7 
Er (ppm) 1.7 2.6 2.2 2.1 1.8 1.6 1.8 1.5 1.8 1.8 2.4 2 1.8 
Tm (ppm) 0.2 0.4 0.3 0.35 0.3 0.2 0.3 0.27 0.3 0.32 0.33 0.27 0.25 
Yb (ppm) 1.4 2.3 1.8 1.8 1.5 1.4 1.6 1.3 1.6 1.7 2 1.7 1.5 
Lu (ppm) 0.2 0.32 0.3 0.25 0.2 0.2 0.2 0.19 0.2 0.25 0.31 0.25 0.24 




Table A3 (continued): 
 



































Position 12 12 11 11 10 9 8 8 7 6 6 6 5 4 2 1 
SiO2 (wt. %) 60.47 68.62 47.87 47.08 50.31 57.47 55.66 56.80 53.35 61.70 65.32 52.30 58.49 47.37 47.80 44.07 
Al2O3 (wt. %) 16.77 16.91 13.09 12.60 13.87 16.89 18.60 19.02 16.54 18.26 15.45 15.47 13.97 13.26 11.65 11.80 
TiO2 (wt. %) 0.86 0.36 1.44 1.31 1.33 1.00 1.02 1.05 1.22 0.54 0.66 1.17 1.23 1.42 1.73 2.16 
Fe2O3 (wt. %) 4.94 2.41 10.01 9.45 8.32 5.28 6.29 5.55 7.21 3.49 3.94 7.30 5.87 9.94 8.28 10.57 
MgO (wt. %) 3.60 0.71 12.58 12.29 10.41 3.75 2.19 3.32 5.13 3.26 1.80 6.40 4.73 12.54 10.70 13.32 
Na2O (wt. %) 4.08 4.78 2.66 2.99 4.17 4.66 3.76 3.56 5.04 4.47 4.11 3.63 3.71 2.73 3.10 2.11 
K2O (wt. %) 4.04 4.53 1.65 1.53 2.05 4.48 5.45 5.09 3.11 2.62 3.56 2.47 4.57 1.01 1.69 1.28 
MnO (wt. %) 0.08 0.05 0.15 0.15 0.13 0.09 0.10 0.11 0.12 0.06 0.06 0.13 0.09 0.15 0.12 0.16 
CaO (wt. %) 5.34 2.35 9.93 10.61 8.74 5.43 4.61 4.49 6.95 4.32 4.48 9.26 6.87 10.29 12.06 12.86 
P2O5 (wt. %) 0.48 0.14 0.63 1.22 0.54 0.80 1.08 1.02 1.10 0.27 0.32 0.75 1.00 0.84 1.67 1.61 
Total (wt. %) 100.66 100.86 100.02 99.24 99.87 99.85 98.77 100.01 99.77 98.99 99.71 98.88 100.53 99.55 98.80 99.93 
Sc (ppm) 11 3 22 28 22 9 11 6 15 8 9 18 14 26 20 25 
V (ppm) 132 35 249 209 218 160 136 167 208 75 78 202 139 217 224 287 
Ni (ppm) 40 1 347 308 283 38 16 10 38 36 30 67 152 339 320 312 
Cu (ppm) 70 6 50 60 44 66 106 103 89 9 15 34 36 57 70 55 
Ga (ppm) 21 19 17 16 18 21 18 21 20 21 19 20 18 14 20 16 
Rb (ppm) 121 77 24 29 16 103 66 43 59 38 74 31 71 6 62 54 
Sr (ppm) 1387 1426 1143 1510 1297 1657 3762 2818 1751 1602 1207 1755 1408 1316 2431 1691 
Y (ppm) 31 16 18 30 14 29 27 22 28 9 17 22 24 18 36 33 
Zr (ppm) 416 362 272 485 292 517 833 701 502 324 274 344 383 342 638 456 
Nb (ppm) 22 14 15 20 21 28 40 45 30 14 12 14 28 30 26 40 
Ba (ppm) 1914 2119 1491 3241 1689 1926 2293 2488 2137 2062 1589 2019 2426 1509 3714 2090 
La (ppm) 105 79 67 112 49 127 207 215 143 43 74 131 116 102 190 167 
Hf (ppm) 18 15 12 19 13 23 22 33 24 14 13 16 16 13 10.1 22 
  
190 
Pb (ppm) 21 24 5 4 9 23 27 32 26 15 13 11 14 3 22 6 
Th (ppm) 42 30 17 26 21 41 79 68 42 30 22 31 30 19 16 26 
U (ppm) 0 0 0 2.7 0 0 7.4 0 0 0 0 0 0 2.1 2.8 3 
Cr (ppm) 90 < 20 750 520 590 70 < 20   70 60     370 640 360 460 
Co (ppm) 187 214 136 26 150 154 16   98 103     135 134 84 106 
Zn (ppm) 70 50 90 30 80 90 70   90 60     70 110 140 130 
Ge (ppm) 1 1 2 < 1 1 1 1   1 1     1 2 2 2 
As (ppm) 9 < 5 < 5 < 5 < 5 7 255   6 < 5     < 5 < 5 < 5 < 5 
Mo (ppm) 3 < 2 < 2 < 2 < 2 < 2 < 2   < 2 < 2     < 2 < 2 < 2 < 2 
Ag (ppm) 2.2 1.3 1 < 0.5 1.3 2.5 < 0.5   1.2 1.3     1.5 0.7 1.3 0.9 
In (ppm) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2   < 0.2 < 0.2     < 0.2 < 0.2 < 0.2 < 0.2 
Sn (ppm) 1 1 1 < 1 1 2 < 1   1 1     1 2 3 3 
Sb (ppm) 0.8 < 0.5 < 0.5 < 0.5 < 0.5 0.6 4.6   0.5 < 0.5     < 0.5 < 0.5 < 0.5 < 0.5 
Cs (ppm) 3.7 1.1 3.3 2.1 1.8 1.5 < 0.5   1.8 < 0.5     0.7 3.7 3.4 0.8 
Ce (ppm) 184 142 129 237 129 250 333   280 127     241 205 398 348 
Pr (ppm) 21.2 16 16.3 31.2 15.8 29.3 39.4   33.1 12     29.3 23.9 47.5 41.7 
Nd (ppm) 74.9 53.8 63.3 106.0 61.3 103 119.0 135.8 122 43 50.3 103.0 107 88.8 181.0 156.0 
Sm (ppm) 11.5 7.9 11.7 18.50 11.2 16.2 17.30 18.76 18.8 6.8 7.64 16.09 17.3 14.50 29.60 25.00 
Eu (ppm) 2.55 1.74 2.96 4.53 2.69 3.5 3.89   4.29 1.76     4.19 3.37 6.56 5.79 
Gd (ppm) 6.8 4.1 7.9 13.1 7 9 10.6   10.8 4     10.1 9.7 17.9 15.6 
Tb (ppm) 0.8 0.5 1 1.7 0.9 1.1 1.2   1.3 0.5     1.2 1.2 1.9 1.7 
Dy (ppm) 3.9 2.3 5 8 4.2 4.8 5.4   5.7 2.3     5.1 5.9 8 7.7 
Ho (ppm) 0.7 0.4 0.9 1.3 0.8 0.8 0.8   0.9 0.4     0.8 1 1.2 1.2 
Er (ppm) 1.8 1.1 2.2 3.1 2 2.1 2.2   2.3 1.1     2 2.6 3 2.9 
Tm (ppm) 0.25 0.16 0.29 0.47 0.27 0.26 0.35   0.31 0.16     0.26 0.36 0.33 0.35 
Yb (ppm) 1.6 1 1.8 2.5 1.7 1.6 1.8   1.9 1     1.5 2.2 1.9 2 
Lu (ppm) 0.23 0.16 0.27 0.33 0.25 0.25 0.25   0.29 0.15     0.21 0.35 0.28 0.3 


















Table A2: Whole Rock Major and Trace Element Geochemistry from Utah and Nevada 
(XRF) 
 Black Rock Desert Volcanic Field 
Sub-field Cove Fort 
Sample 











scoria Black Rock Black Rock N. Black Rock 
Latitude 38.7698 38.6374 38.6252 38.6268 38.5991 38.7134 38.6958 38.7084 
Longitude -112.9084 -112.8442 -112.6866 -112.8161 -112.8035 -112.9539 -112.8228 -112.8081 
SiO2 48.84 49.09 48.38 50.94 49.00 49.30 49.17 48.64 
Al2O3 17.01 16.52 16.16 15.36 16.09 16.97 16.28 16.34 
TiO2 1.28 1.51 1.50 2.15 1.82 1.37 1.84 1.85 
Fe2O3 10.42 10.93 10.84 13.22 11.78 10.97 12.64 11.98 
MgO 8.17 7.55 7.83 4.42 6.24 7.67 6.39 6.08 
Na2O 3.08 3.17 2.96 3.82 3.67 3.01 3.52 4.20 
K2O 0.60 0.72 0.59 2.05 1.21 0.59 1.24 1.24 
MnO 0.16 0.18 0.18 0.18 0.19 0.16 0.19 0.19 
CaO 10.30 10.12 10.75 7.82 10.23 10.22 9.64 9.83 
P2O5 0.30 0.43 0.42 0.86 0.63 0.31 0.64 0.61 
Total 100.17 100.21 99.60 100.83 100.86 100.58 101.54 100.96 
Sc 32 31 36 27 32 32 30 30 
V 163 191 173 314 331 237 312 401 
Ni 120 100 80 40 62 119 63 58 
Cu 60 50 40 30 36 55 27 26 
Ga 14 15 13 22 18 17 18 19 
Rb 9 9 7 31 13 8 13 11 
Sr 446 497 485 1019 761 426 773 777 
Y 22 27 26 43 24 24 25 25 
Zr 133 168 154 238 191 137 197 186 
Nb 6 9 8 12 9 7 9 11 
Ba 457 636 569 1388 986 412 930 958 
La 20.1 28.4 25.6 70.3 52 12 37 10 
Hf 2.9 3.6 3.2 5.3 6 0 7 4 
Pb < 5 < 5 < 5 11 4 1 5 4 
Th 1.2 1.2 1.2 3.6 8 2 9 9 





Table A2 (Continued): 
Black Rock Desert Volcanic Field 
Cove Fort 














Knoll sc Manderfield 
38.6431 38.6190 38.5946 38.6273 38.5216 38.5281 38.5372 38.4831 38.4741 38.3936 
-112.8230 -112.7303 -112.7316 -112.734 -112.6918 -112.6933 -112.7093 -112.7324 -112.7231 -112.7329 
48.48 48.80 47.96 47.14 58.94 59.75 55.41 54.12 55.85 56.08 
16.43 16.14 15.80 15.00 16.04 15.60 18.03 17.67 18.43 17.32 
1.51 1.58 1.45 1.54 0.93 0.92 1.04 1.09 1.11 1.05 
10.66 11.14 10.49 10.98 7.32 6.73 7.38 8.22 7.98 7.88 
8.12 7.85 7.73 7.24 3.66 3.50 3.95 4.83 4.14 4.02 
2.97 2.97 3.14 2.71 3.28 3.37 3.31 3.24 3.36 3.37 
0.57 0.73 0.70 0.66 2.59 2.60 1.65 1.44 1.55 1.78 
0.17 0.21 0.17 0.19 0.12 0.11 0.12 0.13 0.13 0.12 
11.44 9.75 11.11 11.74 6.85 6.46 8.09 8.62 7.67 8.01 
0.43 0.45 0.47 0.48 0.39 0.35 0.37 0.35 0.35 0.34 
100.79 99.63 99.01 97.68 100.12 99.39 99.34 99.71 100.57 99.97 
31 30 30 30 20 20 20 23  19 
255 261 247 233 162 126 173 192  170 
107 123 118 130 39 50 50 64  70 
38 39 49 50 27 40 40 29  40 
15 15 15 16 16 19 22 19  20 
3 10 9 11 48 54 28 21  33 
505 476 491 502 628 589 1010 811  873 
25 26 24 31 29 30 26 19  21 
165 162 159 139 274 271 180 191  149 
10 9 9 6 14 14 10 8  6 
965 546 529 518 1259 1162 942 909  877 
18 48 62 24.9 43 63 46.4 30  36 
5 6 4 3.3 12 5.3 4.2 6  3.4 
1 3 4 5 10 16 11 6  10 
4 3 4 1.5 12 7.9 4.2 11  4 






Black Rock Desert Volcanic Field 
Cove Fort 













38.4855 38.4094 38.4610 38.5120 38.5461 38.5581 38.5359 38.5926 38.5988 38.5881 
-112.8287 -112.8257 -112.7812 -112.7900 -112.6613 -112.6419 -112.6590 -112.6665 -112.7516 -112.7618 
79.02 77.24 78.17 79.36 55.48 55.97 55.84 56.38 59.16 60.50 
12.92 12.78 13.04 13.29 15.74 15.65 15.75 15.84 15.47 15.73 
0.16 0.10 0.09 0.10 1.43 1.40 1.43 1.40 0.94 0.95 
0.86 0.65 0.66 0.66 9.45 8.75 8.69 8.83 6.55 6.50 
0.31 0.07 0.09 0.18 4.16 4.09 4.18 4.26 3.77 3.31 
3.76 4.21 4.30 4.42 3.44 3.56 3.62 3.75 3.26 3.38 
5.05 4.63 4.61 4.58 2.21 2.33 2.19 2.23 2.90 3.01 
0.05 0.07 0.08 0.08 0.15 0.14 0.14 0.15 0.11 0.11 
0.80 0.30 0.40 0.49 6.82 6.81 6.93 7.27 8.20 5.93 
0.02 0.01 0.02 0.01 0.77 0.75 0.77 0.83 0.32 0.35 
102.95 100.06 101.46 103.16 99.64 99.45 99.54 100.93 100.68 99.78 
1 0 2 2 22 21 19 21 21 17 
< 5 < 5 < 5 < 5 213 208 199 158 101 152 
< 20 < 20 < 20 < 20 32 32 27 20 30 33 
< 10 < 10 < 10 < 10 15 15 14 < 10 30 30 
14 18 18 19 18 17 18 20 16 17 
182 281 282 285 47 48 46 49 57 61 
43 < 2 2 6 566 556 560 557 588 579 
43 13 12 10 34 34 33 24 29 32 
102 86 77 83 219 213 214 225 250 252 
24 30 27 32 15 15 15 15 12 14 
165 5 21 19 985 1017 971 1027 1121 1228 
45.6 35.1 29 25.7 53 37 50 47.9 53.6 55 
3.8 3.8 3.9 4.1 11 9 7 4.9 5.3 6 
21 36 37 34 11 7 7 16 12 9 
18.8 31.7 30.6 31.1 9 10 9 5.7 6.7 12 





Black Rock Desert Volcanic Field 
Cove Fort Twin Peaks 
09-br91 09-br101 09-br102 
09-



















38.5447 38.5281 38.5293 38.6907 38.7015 38.6852 38.7557 38.7141 38.7086 38.7687 
-112.6627 -112.6646 -112.6428 -112.7274 -112.6922 -112.7314 -112.8808 -112.7978 -112.8395 -112.8213 
60.61 60.95 70.60 49.53 49.04 56.13 71.16 72.47 74.14 76.60 
16.10 15.64 15.28 16.21 16.03 16.63 13.48 13.55 14.61 13.11 
0.90 0.90 0.39 1.35 1.35 1.09 0.46 0.43 0.51 0.08 
6.28 6.32 2.60 10.40 10.61 7.30 2.88 2.64 3.16 0.99 
3.53 3.08 0.76 8.06 8.20 4.61 0.58 0.39 0.52 0.10 
3.83 3.21 3.37 3.57 3.05 3.36 3.42 3.40 3.42 4.16 
2.73 3.05 4.61 0.95 0.87 2.39 5.07 5.27 4.92 4.80 
0.11 0.11 0.04 0.17 0.17 0.13 0.05 0.05 0.06 0.06 
5.96 6.02 2.38 10.10 10.30 7.26 2.36 1.62 2.48 0.89 
0.29 0.33 0.16 0.42 0.41 0.36 0.10 0.20 0.13 0.01 
100.33 99.61 100.19 100.76 100.03 99.26 99.57 100.03 103.95 100.79 
22 18 6 30 28 25 7  7 2 
151 150 36 194 199 146 22  23  
41 33 < 20 150 140 80 < 20  1 2 
26 26 20 50 40 40 < 10  11 4 
16 17 20 17 17 22 17  16 19 
58 63 143 10 8 60 109  111 254 
591 571 398 779 764 689 175  234 9 
28 31 30 21 27 36 39  45 92 
243 252 197 189 121 376 319  328 87 
12 13 11 8 8 17 18  19 32 
1083 1139 1095 884 521 1100 1160  1341  
52 56 67.2 43.9 35.6 85.2 86.8  91 16 
6 9 4.4 3.2 3.1 8 8.1  13 2 
6 12 24 7 5 15 19  25 38 
12 13 16.7 2.3 1.7 8.1 11.8  12 23 





Black Rock Desert Volcanic Field 
Twin Peaks 





















38.7692 38.7520 38.8204 38.7367 38.7649 38.7239 38.6663 38.7221 38.7601 38.7460 
-112.8345 -112.8834 -112.6623 -112.7431 -112.8186 -112.6565 -112.6864 -112.6552 -112.7686 -112.7094 
75.75 76.16 75.85 75.88 75.43 74.75 76.23 74.33 75.78 49.62 
12.84 13.04 13.12 13.22 12.88 13.39 13.41 12.81 12.48 16.15 
0.09 0.08 0.07 0.11 0.08 0.05 0.09 0.33 0.24 1.50 
0.98 0.98 0.94 0.92 0.90 1.24 1.03 2.23 1.46 11.08 
0.22 0.16 0.19 0.14 0.36 0.46 0.40 0.43 0.16 5.78 
3.54 4.04 3.95 2.76 3.81 3.60 3.76 2.88 3.14 3.20 
5.20 4.71 4.85 5.54 4.77 4.74 5.04 5.09 4.99 0.78 
0.05 0.06 0.09 0.05 0.06 0.07 0.06 0.01 0.01 0.17 
1.18 1.08 2.27 0.78 2.27 1.48 0.82 1.72 2.04 11.27 
0.02 0.02 0.07 0.01 0.05 0.02 0.01 0.05 0.03 0.35 
99.87 100.33 101.40 99.41 100.61 99.79 100.85 99.89 100.33 99.90 
2 1 5 1 4 2 2 4 4 31 
   0 < 5 0 < 5 8 0 277 
1 3 4 3 < 20 3 < 20 2 1 140 
4 4 4 2 < 10 3 < 10 0 0 50 
18 17 15 17 15 20 20 16 13 22 
247 229 244 285 252 277 288 150 152 15 
19 14 30 21 30 13 16 183 90 609 
86 84 86 93 92 140 82 46 48 38 
90 88 79 89 84 94 106 200 132 167 
29 30 29 32 32 45 30 18 18 11 
  3 0 42 0 7 388 148 406 
16  17 30 12.8 6 9.1 63 70 28 
2 1 3 2 4.9 1.4 5.1 4 2 3.9 
39 33 37 41 22 39 35 12 22 < 5 
23 24 23 26 24.1 21 26.7 18 22 2.8 





Black Rock Desert Volcanic Field 
Twin Peaks 





















38.7060 38.6905 38.7329 38.6861 38.7047 38.7354 38.7126 38.7391 38.6661 38.7371 
-112.7432 -112.6702 -112.6599 -112.6786 -112.7436 -112.7369 -112.7276 -112.7855 -112.6853 -112.7595 
50.00 50.85 50.89 51.18 51.22 51.80 53.13 9.57 0.93 56.92 
16.32 15.99 15.63 15.87 17.29 17.21 17.98 0.86 0.11 16.89 
1.62 1.74 1.74 1.70 1.68 1.48 1.86 0.07 0.01 1.15 
10.35 11.21 10.97 10.89 11.49 6.83 9.59 0.60 0.07 7.17 
6.14 6.32 5.92 6.24 3.87 2.78 1.51 2.08 0.32 3.54 
2.90 3.17 2.93 2.95 2.92 3.03 2.85 0.03 0.03 3.48 
0.82 1.26 1.28 1.27 1.01 0.59 1.13 0.22 0.04 2.13 
0.16 0.17 0.17 0.17 0.13 0.16 0.08 0.02 0.01 0.13 
11.67 9.53 9.47 9.16 10.14 16.28 10.45 69.37 53.96 7.73 
0.55 0.62 0.61 0.61 0.54 0.37 0.60 0.05 0.02 0.46 
100.53 100.86 99.62 100.04 100.29 100.53 99.18 82.87 55.50 99.61 
32 29 28 26 29 36 39  < 1 26 
258 257 265 256 243 248 271  7 134 
115 90 88 89 89 80 56  < 20 40 
64 45 50 42 43 44 57  < 10 50 
16 17 17 17 16 15 16  < 1 16 
15 19 19 21 15 23 26  < 2 34 
525 486 497 488 445 478 469  387 715 
27 31 32 31 28 23 35  < 2 31 
166 209 200 197 166 146 184  7 244 
10 13 14 14 10 9 12  < 1 12 
582 797 817 753 682 483 58  28 1178 
39 34 35 49 16 8 17 63 0.6 52.3 
2 6 5 4 4 4 6  < 0.2 5.6 
4 5 4 4 6 4 6  < 5 8 
5 5 2 8 4 3 4  0.2 3.3 





Black Rock Desert Volcanic Field 
Twin Peaks 





















38.666 38.6936 38.7464 38.6886 38.6989 38.6855 38.6595 38.6761 38.6880 38.7086 
-112.6854 -112.7007 -112.7083 -112.7065 -112.7034 -112.7108 -112.6991 -112.7548 -112.7115 -112.7296 
56.50 56.18 56.53 56.71 56.75 56.91 57.11 57.13 57.17 57.34 
16.10 16.97 16.64 16.53 16.49 16.29 16.91 16.64 16.39 16.61 
1.39 1.10 1.12 1.23 1.19 1.36 1.31 1.11 1.16 1.20 
8.93 7.54 7.90 8.16 7.23 7.67 8.11 7.18 7.40 8.36 
2.96 4.35 3.47 3.82 3.73 2.64 3.57 3.89 3.67 3.65 
3.44 3.43 3.95 3.71 3.43 3.46 3.62 3.65 3.59 3.77 
2.60 1.88 2.13 2.17 2.27 2.59 2.34 2.08 2.28 2.34 
0.13 0.13 0.13 0.13 0.12 0.16 0.13 0.11 0.12 0.12 
6.73 8.01 7.39 6.89 7.56 7.76 7.20 7.26 7.23 6.89 
0.56 0.49 0.44 0.50 0.52 0.56 0.56 0.44 0.49 0.48 
99.34 100.08 99.69 99.85 99.30 99.40 100.86 99.49 99.50 100.75 
19 23 23 18 22 22 21 21 19 19 
192 178 189 165 200 232 218 197 194 194 
40 48 44 36 39 24 37 46 39 41 
60 52 46 46 54 50 47 54 44 51 
20 17 17 18 17 18 19 17 18 17 
47 27 32 32 37 42 41 38 41 42 
711 711 720 680 720 685 715 727 708 694 
34 24 27 28 29 33 34 27 29 29 
247 229 240 249 253 274 266 240 251 270 
11 11 11 13 13 14 14 11 13 12 
1234 1178 1139 1183 1500 1380 1798 1178 1225 1151 
52 48 22 40 33 62 51 42 36 46 
5.3 6 9 8 10 8 10 5 10 8 
13 8 7 10 9 9 9 6 8 6 
3.9 8 6 10 9 9 10 8 8 9 





Black Rock Desert Volcanic FIeld 
Twin Peaks 





















38.7226 38.7138 38.6916 38.7363 38.6855 38.6470 38.6990 38.7184 38.6910 38.7364 
-112.7434 -112.6808 -112.7366 -112.7755 -112.7108 -112.7119 -112.6838 -112.7507 -112.7282 -112.6582 
57.40 57.43 57.56 57.70 58.23 58.48 57.26 56.71 56.12 49.51 
16.64 17.36 16.46 16.85 16.71 16.92 17.00 16.36 16.33 16.23 
1.16 1.13 1.35 1.17 1.37 0.93 1.11 1.20 1.08 1.72 
7.83 7.06 7.12 7.08 7.38 7.27 7.97 7.09 7.19 11.63 
3.60 3.54 2.75 3.64 2.61 3.16 4.43 3.63 5.36 8.23 
3.62 3.83 3.34 3.71 3.66 3.15 3.66 3.33 3.30 2.74 
2.34 1.93 2.74 2.31 2.58 2.00 2.02 2.38 2.48 0.74 
0.13 0.12 0.16 0.12 0.17 0.10 0.13 0.11 0.13 0.18 
7.42 7.80 6.71 7.07 7.16 7.43 7.55 7.12 7.44 10.15 
0.47 0.45 0.54 0.47 0.56 0.35 0.43 0.48 0.45 0.49 
100.61 100.64 98.74 100.11 100.43 99.78 101.56 98.41 99.88 101.62 
22 25 21 22 22 22 23 22 21 28 
194 196 227 195 229 152 180 197 155 258 
42 41 30 39 22 38 48 50 71 150 
47 48 51 41 48 26 45 70 26 50 
17 17 19 17 18 18 16 24 16 16 
40 32 54 38 46 40 29 50 49 13 
690 694 685 700 704 570 681 892 592 332 
28 26 35 30 35 27 25 39 30 26 
264 249 275 251 279 220 226 273 336 151 
11 10 15 13 15 11 11 15 13 11 
1151 1062 1370 1164 1476 1130 1172 1740 1681 616 
60 46 56 50 31 44 48 61 55 33 
7 7 10 8 11 7 9 6.1 13 3 
9 7 8 6 9 11 8 14 10 0 
8 6 10 8 7 9 9 3.9 11 3 





Black Rock Desert Volcanic Field 
Twin Peaks 





















38.6915 38.7233 38.7398 38.7379 38.7298 38.6846 38.7110 38.7231 38.7131 38.6902 
-112.6703 -112.6737 -112.6534 -112.6415 -112.6503 -112.6632 -112.6585 -112.6543 -112.6608 -112.6808 
48.02 47.02 47.49 47.98 47.99 48.04 48.38 48.39 48.41 49.28 
16.08 16.22 15.22 15.84 15.93 15.89 15.94 15.67 16.07 16.23 
1.66 1.68 1.61 1.59 1.69 1.63 1.65 1.72 1.61 1.43 
10.98 11.73 11.87 11.63 11.13 11.44 11.99 11.25 11.24 11.46 
7.70 8.35 9.19 8.29 8.01 8.52 8.54 8.23 8.68 7.19 
2.68 2.78 3.59 2.76 2.70 2.83 2.74 2.64 2.74 3.16 
0.63 0.47 0.83 0.68 0.67 0.67 0.64 0.68 0.62 0.81 
0.20 0.19 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 
10.32 11.59 10.51 11.36 10.32 10.38 10.36 9.91 10.10 9.58 
0.44 0.48 0.44 0.45 0.49 0.46 0.46 0.49 0.45 0.37 
98.71 100.51 100.92 100.76 99.11 100.04 100.89 99.16 100.11 99.69 
30 32 30 30 30 30 27 32 29 27 
263 259 177 239 282 248 249 285 247 247 
128 148 110 142 132 153 149 160 155 98 
41 38 30 44 44 42 44 55 43 36 
15 15 12 15 17 15 15 14 15 16 
7 3 9 11 12 11 9 11 9 13 
338 364 340 347 350 342 343 333 329 378 
26 25 27 25 27 25 25 26 24 24 
136 140 137 143 146 145 147 149 139 143 
11 10 10 10 12 11 10 12 9 9 
451 561 519 542 563 564 461 493 447 916 
26 35 21 29 48 31 13 10 19 39 
4 3 3 5 5 4 3 1 3 6 
1 0 < 5 2 3  1 5 0 2 
3 2 1.3 4 3 3 1 3 1 4 





Black Rock Desert Volcanic Field 
Twin Peaks 





















38.6861 38.7170 38.6947 38.7895 38.7415 38.7364 38.7572 38.7505 38.6907 38.7211 
-112.6786 -112.6786 -112.6830 -112.7163 -112.7564 -112.7754 -112.6894 -112.6835 -112.7274 -112.6915 
49.53 49.53 50.35 72.94 76.00 79.77 55.22 55.21 55.80 55.33 
16.19 16.27 15.39 13.48 12.34 13.15 15.94 16.21 16.99 16.74 
1.44 1.27 1.72 0.43 0.10 0.12 1.07 1.09 1.10 1.14 
11.53 9.95 10.84 2.77 1.01 0.75 7.12 7.83 7.65 8.00 
7.62 8.69 7.55 0.53 0.19 0.24 5.03 5.44 5.27 6.33 
3.13 2.66 2.84 3.87 3.34 2.96 3.58 4.04 3.58 3.85 
0.70 0.71 1.01 4.62 4.97 5.68 2.57 2.45 2.44 2.10 
0.18 0.16 0.18 0.03 0.03 0.02 0.12 0.13 0.14 0.14 
9.35 10.66 9.09 1.75 2.03 0.98 7.27 8.45 8.22 8.13 
0.37 0.32 0.53 0.11 0.02 0.01 0.28 0.30 0.40 0.36 
100.04 100.23 99.49 100.53 100.02 103.69 98.20 101.15 101.58 102.12 
27 32 29 5 2 2 20 25 24 28 
235 218 277 23 < 5 < 5 119 156 146 179 
96 164 127 < 20 < 20 < 20 70 72 70 85 
40 35 34 < 10 < 10 < 10 20 31 20 33 
16 14 16 17 14 13 17 15 16 15 
10 15 15 120 205 197 45 43 37 31 
350 312 320 190 50 39 589 645 623 675 
22 20 30 32 67 40 27 27 29 25 
146 119 177 269 84 87 314 362 376 294 
9 8 14 17 21 17 11 11 11 11 
512 424 725 998 21 59 1640 1808 2024 1509 
54 28 47 91.4 23.7 21.8 72.2 69 67  
 4 7 7.8 4 4.4 6.6 9 8 13 
1 2 6 17 30 14 11 8 5 5 
3 4 5 16.1 20.7 18 5.5 8 9 7 





Black Rock Desert Volcanic Field 
Twin Peaks 





















38.6904 38.6807 38.7767 38.7619 38.6846 38.6466 38.6834 38.6845 38.7845 38.6851 
-112.7211 -112.6971 -112.6629 -112.6694 -112.7022 -112.7018 -112.7268 -112.7290 -112.6959 -112.7355 
52.78 52.90 52.31 53.85 52.03 52.12 52.14 52.26 52.52 52.75 
16.65 16.67 15.77 16.46 16.18 15.98 16.40 16.06 16.27 17.90 
1.28 1.25 1.18 1.15 1.25 1.23 1.26 1.24 1.23 1.13 
9.50 9.12 8.14 8.20 9.26 9.00 8.91 9.26 8.86 8.00 
7.34 7.31 6.24 6.14 6.72 6.86 6.79 6.62 6.06 7.31 
3.43 3.41 3.20 3.55 3.16 3.23 3.10 3.59 3.42 2.67 
1.52 1.63 1.91 2.06 1.47 1.64 1.64 1.59 1.69 1.39 
0.16 0.16 0.15 0.14 0.16 0.15 0.15 0.15 0.14 0.14 
8.92 8.88 8.01 8.01 9.94 9.41 8.57 9.03 9.64 7.93 
0.42 0.40 0.35 0.32 0.40 0.41 0.39 0.39 0.37 0.34 
102.00 101.73 97.26 99.88 100.57 100.03 99.34 100.19 100.20 99.55 
28 28 24 27 27 25 31 27 26 26 
213 211 189 184 204 204 208 201 190 204 
101 98 90 50 98 97 95 97 88 91 
40 36 31 20 29 29 32 21 29 35 
16 16 14 14 16 15 16 16 16 15 
22 22 31 32 23 25 24 25 28 22 
727 731 692 666 731 722 719 724 712 684 
23 24 25 21 26 23 23 23 23 22 
236 245 278 316 256 249 251 247 277 236 
10 10 11 11 11 10 11 10 9 11 
1153 1490 1559 1637 1348 1240 1419 1232 1377 1253 
80 37 57 62.1  45 19 54 58 41 
9 8 10 5 7 8 7 8 7 10 
4 4 4 < 5 7 5  2 5 5 
8 9 8 4.6 11 7 8 7 9 10 





Black Rock Desert Volcanic Field 
Twin Peaks 





















38.7096 38.6928 38.7132 38.7801 38.6942 38.6424 38.7090 38.7170 38.7226 38.7492 
-112.6907 -112.6997 -112.7035 -112.6853 -112.6994 -112.7081 -112.7146 -112.6982 -112.6921 -112.7060 
52.87 53.14 53.20 53.25 53.27 53.31 53.58 53.92 54.17 54.18 
16.24 17.61 16.40 16.52 16.50 16.37 16.55 16.31 16.21 16.60 
1.22 1.11 1.16 1.23 1.20 1.20 1.15 1.15 1.14 1.18 
9.23 8.04 8.17 8.77 8.97 8.77 8.05 7.92 8.68 8.46 
6.87 7.38 6.36 6.64 6.42 6.62 6.37 6.07 6.01 6.16 
3.37 2.90 3.53 3.38 3.41 3.84 3.48 3.60 3.44 3.56 
1.70 1.45 1.96 1.65 1.90 1.85 1.93 2.00 2.04 1.94 
0.15 0.14 0.14 0.15 0.15 0.15 0.14 0.14 0.14 0.14 
8.42 7.77 8.77 8.74 8.08 8.44 8.66 8.27 8.25 8.05 
0.37 0.35 0.32 0.37 0.34 0.36 0.32 0.31 0.33 0.34 
100.44 99.89 100.02 100.70 100.24 100.90 100.24 99.69 100.41 100.62 
26 24 25 25 24 26 24 24 23 23 
197 203 185 207 181 185 183 181 164 175 
98 92 87 90 92 93 88 80 84 84 
33 33 30 36 34 33 29 40 36 28 
17 15 16 15 15 14 15 15 15 16 
25 23 29 27 27 28 31 34 33 33 
723 677 680 708 696 697 681 662 677 681 
26 23 25 24 25 24 25 27 25 25 
262 240 288 259 303 292 284 293 317 312 
10 10 10 10 10 9 11 11 9 10 
1390 1256 1608 1310 1447 1386 1633 1790 1534 1486 
 18 47 68 57 44 41 72.3 66 52 
11 9 12 10 8 8 13 6.3 8 7 
5 4 5 5 4 4 12 12 7 5 
10 8 9 8 9 7 10 4.9 9 8 





Black Rock Desert Volcanic Field 
Twin Peaks 





















38.7714 38.7743 38.7018 38.7455 38.7434 38.7073 38.7581 38.7098 38.7177 38.6742 
-112.7203 -112.6863 -112.6904 -112.6909 -112.6901 -112.7194 -112.6685 -112.6909 -112.7065 -112.7052 
55.01 48.87 49.13 49.40 49.63 49.81 49.84 49.86 49.88 49.95 
16.57 16.02 16.26 16.54 16.18 16.66 16.05 16.62 16.39 16.79 
1.15 1.31 1.34 1.33 1.36 1.36 1.24 1.23 1.32 1.32 
8.19 10.28 10.33 9.75 10.06 10.48 10.13 10.20 9.78 9.90 
5.74 8.65 8.49 8.40 7.96 8.09 8.08 8.26 8.33 8.53 
3.64 3.96 3.06 3.52 3.12 3.21 3.21 3.22 3.02 3.13 
2.17 0.85 0.84 0.87 0.94 0.90 0.95 0.85 0.89 0.94 
0.13 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 
7.76 10.64 9.77 9.99 9.99 9.94 10.69 10.18 10.32 9.62 
0.31 0.44 0.42 0.43 0.41 0.40 0.40 0.37 0.42 0.48 
100.67 101.19 99.82 100.40 99.81 101.02 100.75 100.95 100.52 100.84 
23 27 31 28 29 28 26 28 29 29 
166 222 233 223 233 222 200 208 225 224 
83 128 133 120 117 118 122 123 120 126 
31 31 35 34 39 42 41 32 24 31 
15 16 15 15 15 16 14 14 15 14 
37 8 7 6 10 8 9 10 7 8 
650 775 769 760 781 788 790 784 781 766 
25 20 21 21 21 21 20 18 20 20 
321 167 175 163 179 178 181 161 174 171 
11 9 9 8 9 9 8 8 9 8 
1540 732 800 771 801 823 875 702 931 787 
57 52 40 28 33 43   74  
8 4 1 3 5 2 5 5 4 5 
5 3 0  3 1 0 2  2 
10 7 9 9 7 9 9 8 7 8 





Black Rock Desert Volcanic Field 
Twin Peaks 





















38.6916 38.6835 38.7977 38.6556 38.7364 38.6744 38.6576 38.7067 38.6997 38.6909 
-112.6943 -112.7219 -112.6732 -112.7013 -112.7504 -112.7100 -112.7045 -112.7242 -112.6971 -112.7272 
49.99 50.21 50.72 51.34 77.93 49.81 51.16 49.81 48.87 51.03 
16.25 16.31 16.69 16.46 13.19 14.84 15.61 16.09 15.84 16.74 
1.40 1.34 1.25 1.28 0.08 1.19 1.19 1.32 1.29 1.32 
10.27 9.81 9.86 9.13 1.12 8.56 8.62 9.97 10.13 9.81 
8.19 7.87 7.54 6.87 0.35 7.04 5.94 8.22 8.17 8.03 
3.12 3.05 3.11 3.23 3.74 2.93 3.21 4.17 3.03 3.88 
0.98 1.01 1.01 1.53 4.90 1.51 1.88 1.04 0.89 1.13 
0.17 0.17 0.15 0.16 0.03 0.16 0.14 0.16 0.17 0.16 
9.56 9.71 10.00 9.19 1.19 12.47 9.26 11.12 12.61 9.82 
0.43 0.42 0.38 0.41 0.04 0.46 0.33 0.45 0.40 0.43 
100.37 99.90 100.71 99.59 102.57 98.97 97.34 102.35 101.40 102.35 
28 31 25 29 1 28 23 29 31 29 
226 222 205 214  191 164 217 228 219 
121 118 121 101 2 95 110 113 116 115 
30 47 26 33 4 36 40 32 39 38 
16 15 16 15 19 15 17 15 14 14 
7 11 11 16 253 21 33 7 9 14 
751 770 780 747 21 733 738 768 765 751 
22 21 21 24 75 24 28 20 20 22 
176 189 193 258 78 238 245 176 168 200 
9 9 9 10 28 10 8 9 8 9 
913 917 931 1416 7 1384 1450 807 757 944 
46 41  23 9 36 59 44 42 45 
8 5 7 8 3 8 5.2 6 3 6 
2 1 2 5 24 4 9 1 2 3 
8 8 8 8 33 10 4.4 7 9 9 





Black Rock Desert Volcanic Field 
Twin Peaks Beaver Ridge 










3 BR R BR R BR R BR R BR R 
38.7021 38.7988 38.7291 38.6982 38.7567 38.8478 38.8475 38.8478 38.8542 38.8560 
-112.7060 -112.6654 -112.6867 -112.6858 -112.6865 -112.6300 -112.6310 -112.6218 -112.6337 -112.6077 
50.50 50.27 50.10 49.73 49.01 67.43 67.46 67.16 67.02 67.06 
16.35 15.96 16.75 16.23 16.33 12.67 12.51 12.49 12.53 12.59 
1.29 1.32 1.33 1.26 1.25 0.98 0.97 0.91 0.99 0.94 
9.59 9.48 10.43 9.84 8.77 8.28 8.57 8.26 8.48 8.18 
7.98 6.85 8.53 8.28 6.47 0.83 0.76 0.83 0.91 0.85 
3.24 3.10 2.88 3.04 2.88 3.30 3.30 3.45 3.25 3.45 
1.12 1.25 0.77 0.86 1.26 2.66 2.77 2.75 2.81 2.78 
0.17 0.16 0.17 0.16 0.16 0.15 0.16 0.15 0.15 0.14 
11.19 9.74 10.02 11.91 11.96 3.85 3.79 4.09 4.09 4.87 
0.42 0.44 0.40 0.39 0.42 0.26 0.25 0.26 0.29 0.25 
101.85 98.57 101.38 101.70 98.51 100.41 100.54 100.36 100.52 101.11 
30 27 31 31 24 24 20 17 21 21 
217 229 230 212 176 39 32 25 37 30 
109 110 133 118 110 < 20 2 4 3 4 
38 41 31 35 30 < 10 5 6 5 7 
15 16 16 16 17 20 18 18 19 19 
12 30 8 6 13 57 58 56 54 55 
775 791 781 750 791 260 251 253 264 277 
21 25 21 18 28 45 83 78 73 79 
197 209 169 171 222 480 446 506 475 507 
9 9 8 8 8 25 25 25 23 25 
1306 1228 756 803 1650 1051 1031 1065 962 1115 
38 44 24 76 52.7 57 69 47 68 66 
8 9 7 6 4.9 11.4 20 13 12 13 
3 3 3 2 8 12 12 9 28 11 
8 8 7 9 4 6.3 2 5 4 4 





Black Rock Desert Volcanic Field 
Beaver Ridge 
09-br129 09-br130 09-br174 09-br175 09-br128 09-br136 09-br138 09-br139 08-br18 08-br17 








Andesite BR Th BR Th 
38.8566 38.8553 38.9149 38.9027 38.8834 38.8783 38.8856 38.8794 38.9128 38.9128 
-112.6108 -112.6138 -112.6327 -112.6361 -112.6453 -112.6401 -112.6549 -112.6471 -112.5987 -112.5987 
65.93 65.96 65.97 65.01 55.93 57.47 56.40 56.70 52.05 52.49 
12.45 12.65 13.10 12.76 13.24 13.22 12.97 13.28 13.62 13.82 
1.05 1.09 1.16 1.10 1.90 1.83 1.79 1.86 2.14 2.10 
8.35 9.17 8.47 8.31 13.91 11.79 12.25 13.02 14.16 14.55 
1.05 1.01 1.26 1.20 3.63 3.28 3.24 3.59 4.11 4.16 
3.19 3.27 3.68 3.37 3.17 3.59 3.12 3.63 3.02 3.12 
2.54 2.71 2.67 2.70 1.51 1.67 1.68 1.49 1.06 0.94 
0.15 0.15 0.16 0.17 0.21 0.20 0.20 0.21 0.22 0.22 
5.89 4.04 5.08 5.94 7.37 6.70 7.99 7.25 8.93 8.19 
0.31 0.33 0.38 0.34 0.46 0.44 0.46 0.45 0.50 0.50 
100.91 100.38 101.93 100.90 101.33 100.20 100.10 101.47 99.81 100.09 
19 18 24 27 27 30 30 27 33 33 
35 32 54 41 257 242 256 242 349 339 
3 4 5 4 50 27 29 30 < 20 42 
5 3 9 11 30 21 24 22 10 24 
18 19 17 18 20 17 17 19 17 18 
46 54 40 35 21 22 22 21 13 11 
294 272 329 307 292 267 287 279 292 303 
69 74 84 85 57 60 58 57 31 30 
448 425 541 550 319 343 341 325 235 234 
22 22 27 29 16 17 18 16 13 13 
973 936 1370 1475 900 827 942 786 727 946 
61 55 74 82 42.5 45 34 39 28.4 19 
12 11 14 14 7 8 7 9 5.3 8 
14 11 10 12 7 7 6 7 < 5 0 
2 4  1 2.5 0 2 1 1.5 2 





Black Rock Desert Volcanic Field 
Beaver Ridge 
09-br173 09-br163 09-br164 09-br178 08-br25 08-br19 08-br31 09-br117 09-br121 09-br123 
BR Th BR 1.5 BR 1.5 BR 1.5 BR Basalt I BR Basalt I BR Basalt I BR Basalt I BR Basalt I BR Basalt I 
38.9151 38.8909 38.8908 38.8889 38.8795 38.9449 38.9008 38.8652 38.8834 38.9000 
-112.5978 -112.5364 -112.5345 -112.5299 -112.6388 -112.5810 -112.6353 -112.6222 -112.5862 -112.5622 
52.49 47.38 47.59 46.04 47.97 48.61 47.92 48.80 47.73 48.28 
13.64 14.89 15.39 14.69 16.18 16.75 16.23 16.75 16.20 16.38 
2.17 2.26 2.36 2.25 1.49 1.46 1.43 1.41 1.38 1.48 
14.13 13.34 13.84 13.45 11.36 11.79 11.66 11.13 11.95 11.99 
4.06 6.34 6.46 6.24 7.18 7.15 7.62 7.53 7.39 7.16 
3.63 3.24 3.25 2.95 3.42 3.42 3.26 4.49 3.53 3.71 
1.04 0.71 0.78 0.73 0.62 0.59 0.57 0.67 0.60 0.62 
0.22 0.21 0.21 0.20 0.19 0.19 0.19 0.19 0.19 0.19 
8.49 11.77 9.69 13.34 10.99 10.17 10.28 9.92 11.25 10.11 
0.52 0.52 0.52 0.50 0.38 0.37 0.36 0.37 0.35 0.36 
100.39 100.65 100.09 100.39 99.79 100.50 99.52 101.26 100.57 100.28 
34 34 32 33 29 31 32 29 27 30 
229 316 305 325 284 270 281 247 236 265 
92 65 90 64 30 50 78 78 77 74 
44 28 40 25 < 10 30 21 21 34 30 
17 18 20 17 12 17 15 16 14 18 
17 8 10 9 7 6 5 6 7 6 
340 319 303 368 486 492 480 479 497 491 
21 30 32 30 21 19 19 20 22 23 
144 168 174 176 153 144 140 132 142 135 
11 12 12 13 8 6 7 7 6 6 
329 524 512 579 593 548 531 558 529 558 
22 21 27.1  27.9 27.9 40 31 28 30 
4 5 3.9 4 2.7 2.7 0 2 4 3 
1 4 < 5 3 < 5 < 5 3  1 2 
3 1 1.6 4 1.5 1.3 6 6 3 2 





Black Rock Desert Volcanic Field 
Beaver Ridge 
















II Kanosh White Mtn 
38.9370 38.8585 38.9027 38.8449 38.8486 38.8544 38.8486 38.8542 38.8021 38.9135 
-112.6186 -112.5916 -112.6361 -112.5497 -112.5724 -112.5837 -112.5914 -112.5914 -112.4827 -112.4972 
48.72 48.92 49.19 51.26 50.93 50.86 51.22 51.17 51.28 73.17 
16.56 16.54 16.42 15.32 15.33 15.26 15.52 15.22 15.67 13.45 
1.52 1.48 1.54 1.71 1.72 1.71 1.73 1.72 1.73 0.17 
11.71 11.77 11.24 12.66 13.19 12.84 12.24 12.78 12.45 1.94 
7.14 6.87 6.90 5.14 5.18 5.11 5.13 5.12 5.19 0.56 
3.38 3.50 3.55 3.51 3.43 3.42 3.37 3.28 3.50 4.03 
0.61 0.63 0.62 1.02 1.06 1.07 1.08 1.27 1.02 4.83 
0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.08 
10.43 10.34 10.81 9.05 9.60 9.73 9.15 9.09 8.60 1.39 
0.38 0.37 0.40 0.38 0.38 0.36 0.37 0.37 0.36 0.04 
100.63 100.61 100.85 100.25 101.01 100.55 100.00 100.22 99.99 99.65 
30 29 32 29 32 28 29 31 34 5 
276 285 281 278 282 280 279 279 231 15 
70 70 65 45 47 47 46 47 < 20 < 20 
16 23 34 31 36 36 33 35 20 < 10 
18 16 15 18 18 18 18 17 16 22 
6 7 5 16 15 15 15 16 15 286 
508 483 477 398 410 404 398 405 380 26 
23 23 24 29 30 29 28 29 23 71 
134 136 144 193 194 194 192 195 186 116 
7 7 7 9 10 10 11 11 10 39 
565 580 592 729 841 781 715 956 628 74 
27 25 40 40 28 15 25 21 29.1 16.6 
3 3 5 4 6 6 5 6 4.1 5.9 
2 2 2 6 3 4 3 4 < 5 32 
5 6 5 3 5 3 5 5 2.3 29.9 





Black Rock Desert Volcanic Field 
Beaver Ridge Ice Springs 
08-br2 09-br63 09-br162 09-br48 09-br88 09-br89 09-br49 br277b br277a br278 
White Mtn White Mtn 
White Mtn 











38.9135 38.9122 38.9121 39.2363 39.2241 39.1483 39.1265 39.1276 39.1276 39.1319 
-112.4972 -112.4966 -112.4963 -112.7566 -112.7609 -112.7162 -112.7723 -112.7742 -112.7742 -112.7742 
73.72 73.19 58.26 48.57 48.24 46.38 53.08 52.72 51.63 52.62 
13.38 13.58 14.94 14.57 14.46 15.98 16.45 16.04 15.83 16.43 
0.14 0.18 1.08 2.44 2.46 2.00 1.19 1.16 1.19 1.21 
1.58 2.01 7.28 14.09 14.95 13.45 9.42 9.24 9.77 9.99 
0.44 0.69 4.20 5.96 5.81 7.52 6.35 5.60 5.92 6.05 
4.22 4.21 3.46 3.25 2.97 2.97 3.21 2.87 2.78 2.95 
4.54 4.44 2.28 0.88 0.85 0.52 1.12 1.12 1.07 1.08 
0.05 0.07 0.15 0.21 0.22 0.20 0.16 0.15 0.16 0.15 
1.68 1.94 7.09 9.47 9.12 9.40 8.86 9.60 9.28 8.86 
0.03 0.04 0.28 0.56 0.58 0.38 0.22 0.24 0.24 0.24 
99.78 100.35 99.02 99.99 99.65 98.80 100.06 98.74 97.87 99.58 
3 2 22 34 30 28 28 27 28 28 
9 10 163 384 363 318 201 179 186 186 
7 8 46 50 56 82 60 70 70 70 
3 6 16 30 18 40 50 50 60 50 
21 22 19 16 20 19 14 18 18 18 
276 264 138 12 12 6 24 26 23 23 
40 45 204 325 324 268 235 271 257 247 
65 133 84 41 43 33 37 37 36 38 
111 110 138 199 209 143 199 210 196 208 
40 39 24 11 12 9 11 7 6 7 
103 2 230 688 681 348 451 415 389 388 
16 22 26 32.1 34 16.1 27.3 25.5 23.2 24.9 
3 4 4 4.8 4 2.7 5.1 4.3 4.1 4.2 
36 33 31 < 5 3 < 5 < 5 6 6 6 
29 28 12 1.5 1 2.2 3 3.7 3.1 3.3 





Black Rock Desert Volcanic Field 
Ice Springs 
08-br10 08-br22 09-br170 09-br171 08-br20 08-br21 09-br168 09-br166 09-br167 08-br30 
Pahvant I Pahvant I Pahvant I Pahvant I Pahvant I Pahvant I 
Pahvant 
I/II Pahvant II Pahvant II 
Pahvant II 
bomb 
38.9639 39.0915 39.0240 38.9698 38.9769 39.0232 39.0364 39.0600 39.0509 39.0488 
-112.4888 -112.5930 -112.5179 -112.5646 -112.5856 -112.5445 -112.5113 -112.5120 -112.5061 -112.5053 
48.60 49.71 51.54 48.96 50.44 49.82 50.19 50.22 50.53 49.89 
16.98 16.93 17.22 16.73 17.04 17.03 16.81 17.31 16.41 16.98 
1.46 1.44 1.42 1.49 1.40 1.27 1.38 1.50 1.35 1.32 
10.11 9.08 9.46 9.92 9.48 8.95 8.94 9.86 9.84 9.94 
6.91 7.02 6.72 6.81 6.95 6.71 6.33 7.36 7.17 7.75 
2.93 3.21 3.20 2.97 3.35 2.95 3.17 3.09 2.83 3.03 
0.79 1.01 1.16 0.84 1.13 0.90 1.08 0.72 0.78 0.71 
0.14 0.16 0.15 0.15 0.15 0.14 0.14 0.17 0.16 0.16 
11.91 11.12 10.53 12.43 10.62 11.29 12.55 11.27 11.15 10.57 
0.37 0.36 0.31 0.37 0.30 0.26 0.30 0.28 0.25 0.24 
100.20 100.03 101.71 100.68 100.86 99.33 100.89 101.78 100.47 100.58 
33 34 32 37 34 37 35 35 36 34 
227 258 248 246 263 258 233 253 243 248 
119 60 70 102 99 86 71 78 86 95 
42 40 51 55 50 52 45 30 44 54 
15 16 16 15 15 15 14 15 15 14 
25 17 21 14 11 17 23 11 15 12 
364 450 411 404 413 472 523 294 306 304 
24 18 18 20 18 17 18 18 18 17 
206 157 144 143 139 135 152 120 128 122 
19 14 12 11 10 12 12 11 10 10 
718 576 555 579 663 550 544 349 339 350 
38 20.4 17 12 10 23 18 11 11 15 
3 3.2 3 5 3 4 3 3 2 1 
0 < 5 1  0 0 1   0 
4 2 3 3 4 6 5 3 5 3 





Black Rock Desert Volcanic Field 
Ice Springs 
08-br29 08-br15 08-br11 08-br12 08-br16 08-br3 08-br4 08-br8 08-br27 




Springs Ice Springs 
39.0300 38.9009 38.9348 38.9054 38.9000 38.9257 38.9093 38.9375 38.9441 
-112.4973 -112.5118 -112.5391 -112.5663 -112.5619 -112.5063 -112.5320 -112.5032 -112.4957 
50.59 48.45 47.85 48.67 47.46 48.13 47.94 49.02 48.34 
16.80 16.22 16.08 16.16 15.91 16.09 15.56 15.00 16.39 
1.40 1.55 1.52 1.61 1.50 1.53 1.85 1.92 1.43 
9.49 11.40 12.19 10.98 11.67 11.97 12.62 11.73 11.66 
7.27 7.73 8.22 7.31 7.42 7.72 6.07 7.56 7.73 
3.17 3.12 3.16 3.18 3.00 3.10 3.25 2.91 3.35 
1.13 0.95 0.83 0.98 0.90 0.92 1.11 1.10 0.57 
0.15 0.18 0.19 0.18 0.18 0.18 0.19 0.18 0.19 
10.20 9.38 9.82 9.99 11.47 10.04 9.63 9.54 10.29 
0.32 0.42 0.41 0.43 0.42 0.41 0.51 0.58 0.36 
100.52 99.40 100.27 99.50 99.93 100.09 98.73 99.54 100.31 
32 28 31 33 32 33 32 34 32 
250 258 272 272 261 267 320 299 302 
40 70 111 88 97 105 50 70 115 
30 30 30 35 30 30 36 30 41 
13 15 15 17 15 15 18 15 15 
20 15 10 14 13 14 17 18 18 
397 400 424 395 444 418 420 388 388 
18 19 19 19 19 19 22 23 23 
147 146 148 149 148 148 181 193 192 
12 13 13 14 13 14 17 17 15 
574 571 650 658 678 627 690 680 709 
18 24.2 15 15 13 29 13 28.4 14 
2.8 2.9 4 3 3 2 3 3.4 7 
< 5 < 5 0 0 0 0 0 < 5 5 
1.8 2.1 4 4 6 5 4 1.9 1 





Black Rock Desert Volcanic Field 
Ice Springs Fumarole Butte 























Mtn Topaz Mtn 
38.9400 38.9587 38.9675 39.0035 39.0243 39.6815 39.4509 39.6907 39.6490 39.6873 
-112.5133 -112.5048 -112.5655 -112.4608 -112.5174 -112.7580 -112.8648 -112.7588 -112.8928 -113.0761 
48.63 48.84 50.29 51.13 51.38 47.57 48.06 76.78 80.92 76.28 
15.10 15.13 14.76 15.35 15.44 14.68 15.51 11.80 13.12 12.30 
1.92 1.93 1.88 1.52 1.67 1.90 1.39 0.19 0.19 0.09 
11.87 11.53 10.49 10.00 10.72 12.71 10.73 1.10 1.37 0.92 
7.92 7.95 6.90 7.99 7.73 7.06 10.65 0.29 0.45 0.16 
2.81 2.88 3.07 2.96 2.99 2.81 2.25 2.79 3.57 3.58 
0.99 1.00 1.34 1.41 1.42 1.17 0.39 5.75 4.93 4.84 
0.18 0.18 0.18 0.16 0.17 0.18 0.17 0.03 0.04 0.06 
9.67 9.58 9.01 9.19 9.12 9.38 10.82 1.17 1.30 1.97 
0.57 0.57 0.60 0.42 0.49 0.67 0.29 0.04 0.04 0.01 
99.67 99.59 98.52 100.13 101.13 98.13 100.25 99.94 105.93 100.21 
30 36 30 30 32 31 31 1 4 4 
295 309 263 249 256 300 246 4 7  
121 126 103 90 77 110 223 3 2 3 
38 44 37 30 47 39 52 4 4 2 
15 15 15 13 16 17 13 15 16 19 
16 16 22 27 20 22 7 306 276 430 
390 387 362 357 427 606 239 44 61 39 
23 23 34 23 18 38 16 92 79 107 
184 183 214 196 149 259 100 149 123 101 
17 16 18 19 13 21 7 45 33 64 
650 633 746 665 550 1277 424 103 135 7 
28 23 27 31.6 20 48 5 65 47 25 
8 4 6 3.4 4 10 0 2 4 2 
0 0 4 < 5 0 3 0 31 31 45 
5 3 4 2.7 4 6 2 42 47 56 





Black Rock Desert Volcanic Field 
Fumarole Butte 
09-br83 09-br84 09-br85 09-br86 09-br87 09-br43 09-br44 09-br45 09-br40 















39.7109 39.7041 39.7032 39.7106 39.7109 39.4123 39.4178 39.4457 39.5548 
-113.0703 -113.0803 -113.5774 -113.5835 -113.5850 -112.8506 -112.8449 -112.8553 -112.8122 
80.29 66.86 74.31 61.56 76.56 77.28 76.30 75.45 56.43 
12.43 10.84 13.59 18.41 13.38 13.05 12.69 12.17 14.37 
0.10 0.14 0.03 0.82 0.03 0.07 0.07 0.09 2.04 
1.10 1.16 0.88 4.93 0.92 1.23 1.28 1.21 10.75 
0.15 0.84 0.05 2.55 0.13 0.26 0.13 0.24 2.79 
3.26 2.41 3.74 3.10 3.33 4.02 3.72 3.48 3.90 
4.92 4.16 4.52 2.94 4.58 4.99 4.95 4.73 2.32 
0.04 0.05 0.05 0.08 0.04 0.04 0.04 0.04 0.19 
0.83 13.25 1.95 6.00 0.71 1.23 0.47 2.46 6.58 
0.01 0.03 0.01 0.22 0.01 0.02 0.01 0.03 1.12 
103.13 99.74 99.13 100.61 99.69 102.19 99.65 99.89 100.49 
3 14 4 13 5 5 0 4 22 
   82  0 7 23 209 
3 3 6 3 3 4 6 4 4 
3 1 3 5 5 4 4 3 10 
16 15 28 21 29 24 22 20 19 
303 330 1070 238 1040 442 449 388 42 
13 124 33 580 15 30 12 65 430 
102 91 272 60 193 233 238 197 67 
96 113 55 313 55 111 110 118 368 
37 48 65 19 63 50 50 46 28 
 103  1015  5 0 106 1443 
33 38 44 55 21 34 39 42 66 
 3  17 1 4 0 3 17 
34 15 48 18 57 47 42 47 12 
46 48 26 24 20 49 49 48 5 





Black Rock Desert Volcanic Field McCullough Range Volcanic Field 
Fumarole Butte Lower Enigma Volcano 









Basalt Hopper Hopper Hopper Hopper Hopper Hopper 
39.6586 39.6058 39.6546 39.4054 35.5937 35.5939 35.5720 35.5347 35.5731 35.5496 
-112.7755 -112.7292 -112.7409 -112.8538 -115.2522 -115.2520 -115.2572 -115.2494 -115.2565 -115.2502 
55.80 55.76 56.03 47.67 43.63 44.07 44.50 45.51 47.14 46.88 
14.47 14.33 14.28 15.20 11.60 11.80 11.96 12.53 12.19 12.15 
2.07 2.03 2.00 1.98 2.11 2.16 2.16 1.49 2.14 2.28 
10.87 10.51 10.69 12.87 10.21 10.57 10.28 9.22 9.70 10.77 
2.86 2.76 2.71 7.55 12.37 13.32 11.36 13.49 7.63 9.80 
3.47 3.34 3.50 2.93 3.49 2.11 3.21 2.17 3.05 2.27 
2.21 2.29 2.22 0.86 0.99 1.28 1.05 1.38 1.21 1.83 
0.19 0.19 0.19 0.19 0.15 0.16 0.14 0.13 0.12 0.14 
6.44 6.59 6.34 10.48 13.11 12.86 13.19 12.63 15.08 11.62 
1.15 1.12 1.09 0.46 1.57 1.61 1.55 1.90 1.44 1.61 
99.53 98.92 99.04 100.19 99.24 99.93 99.40 100.45 99.70 99.34 
24 22 20 30 23 25 26 23 25 22 
212 197 190 292 268 287 249 179 280 305 
5 4 3 111 316 312 376 399 296 312 
9 9 11 33 58 55 72 53 57 66 
20 20 18 16 15 16 13 12 18 15 
41 46 40 13 18 54 9 52 22 13 
453 456 408 363 1999 1691 2194 1833 1981 2080 
67 69 60 33 25 33 21 30 24 23 
374 374 334 175 467 456 501 608 486 527 
28 29 25 14 39 40 37 31 33 35 
1572 1487 1555 743 2161 2090 3444 1947 2418 2354 
63 47 66 7 149 167 131 157 186 156 
14 13 11 7 23 22 21 28 25 23 
9 9 10 1 3 6 1 11 3 3 
6 6 4 4 31 26 32 30 30 32 





McCullough Range Volcanic Field 
Lower Enigma Volcano 
13-lg142 11-lg92b 11-lg74 11-lg21 11-lg16 11-lg22 11-lg40 11-lg32 11-lg39 11-lg18 
Hopper Hopper Hopper Hopper Hopper Greenie Fringe Fringe LG breccia LG breccia 
35.7195 35.5507 35.5458 35.5929 35.5939 35.5924 35.5786 35.5732 35.5755 35.5950 
-115.1677 -115.2547 -115.2493 -115.2511 -115.2514 -115.2503 -115.2438 -115.2561 -115.2530 -115.2498 
47.75 46.16 47.19 47.80 47.90 47.37 56.36 58.49 59.43 61.70 
12.33 11.34 12.41 11.65 11.59 13.26 13.56 13.97 17.86 18.26 
2.09 1.90 2.05 1.73 1.75 1.42 1.24 1.23 0.79 0.54 
9.41 8.97 9.46 8.28 8.22 9.94 6.24 5.87 4.96 3.49 
10.01 9.95 11.66 10.70 10.51 12.54 5.16 4.73 2.76 3.26 
2.66 1.99 3.12 3.10 3.49 2.73 3.44 3.71 3.88 4.47 
2.45 2.63 2.24 1.69 1.88 1.01 4.98 4.57 5.33 2.62 
0.19 0.13 0.13 0.12 0.11 0.15 0.09 0.09 0.08 0.06 
10.11 13.91 10.87 12.06 11.90 10.29 8.10 6.87 5.13 4.32 
1.42 1.65 1.39 1.67 1.68 0.84 1.09 1.00 0.43 0.27 
98.41 98.62 100.52 98.80 99.03 99.55 100.25 100.53 100.65 98.99 
22 26 22 20 20 26 13 14 11 8 
247 269 257 224 224 217 125 139 78 75 
399 290 401 320 267 339 117 152 38 36 
52 63 73 70 60 57 35 36 23 9 
14 15 15 20 16 14 15 18 23 21 
58 39 16 62 62 6 100 71 72 38 
1568 2288 2326 2431 2431 1316 1344 1408 1263 1602 
37 27 19 36 36 18 30 24 17 9 
732 508 514 638 638 342 373 383 331 324 
31 33 30 26 26 30 26 28 15 14 
2793 2671 2291 3714 3714 1509 2292 2426 1838 2062 
100 172 151 190 188 102 126 116 78 43 
35 20 27 10.1 31 13 18 16 14 14 
8 4 2 22 7 3 15 14 16 15 
23 35 31 16 41 19 30 30 27 30 





McCullough Range Volcanic Field 
Lower Enigma Volcano 
















35.5771 35.5742 35.5742 35.6557 35.5668 35.5732 35.5336 35.6911 35.6597 35.6469 
-115.2483 -115.2531 -115.2531 -115.1348 -115.2569 -115.2503 -115.2498 -115.1523 -115.1136 -115.1311 
64.97 65.32 52.30 65.46 74.03 52.83 53.35 51.49 52.45 54.38 
16.26 15.45 15.47 16.36 13.93 15.92 16.54 15.78 16.37 16.76 
0.66 0.66 1.17 0.60 0.31 1.28 1.22 1.26 1.16 1.29 
3.61 3.94 7.30 3.64 2.03 7.23 7.21 7.86 6.88 6.76 
2.50 1.80 6.40 2.58 0.68 5.05 5.13 5.48 6.29 4.99 
2.03 4.11 3.63 3.81 3.69 3.30 5.04 3.03 4.93 4.60 
5.32 3.56 2.47 4.26 3.75 4.23 3.11 5.22 3.07 4.21 
0.07 0.06 0.13 0.11 0.04 0.12 0.12 0.14 0.12 0.11 
4.23 4.48 9.26 3.34 1.96 7.78 6.95 7.80 7.03 6.13 
0.27 0.32 0.75 0.30 0.14 1.21 1.10 1.23 1.08 0.85 
99.92 99.71 98.88 100.46 100.56 98.94 99.77 99.29 99.38 100.08 
10 9 18  3 14 15 16 13 14 
85 78 202  36 216 208 168 180 205 
38 30 67  6 32 38 36 131 65 
47 15 34  3 50 89 51 94 107 
19 19 20  16 20 20 19 17 22 
124 74 31  74 43 59 83 50 113 
2824 1207 1755  871 2197 1751 1660 1987 1406 
26 17 22  12 27 28 34 24 34 
490 274 344  205 534 502 383 642 606 
20 12 14  12 24 30 20 38 45 
1866 1589 2019  1293 2969 2137 2873 2042 1750 
93 74 131  43 168 143 172 163 151 
26 13 16  6 24 24 16 28 27 
16 13 11  19 24 26 26 31 29 
58 22 31  17 50 42 40 52 58 





McCullough Range Volcanic Field 
Lower Enigma Volcano 
3-27-lpm2 
3-27-
lpm2b 3-27-lpm1 11-lg25 11-lg8 11-lg17 11-lg41 11-lg28 11-lg81 12-lg103 













35.6903 35.6903 35.6885 35.5732 35.5291 35.5947 35.5761 35.5325 35.6092 35.5885 
-115.1673 -115.1673 -115.1676 -115.2499 -115.2497 -115.2476 -115.2414 -115.2531 -115.2558 -115.2454 
54.78 55.26 55.66 56.80 55.80 56.23 57.98 57.47 53.89 54.26 
18.09 18.64 18.60 19.02 17.01 16.94 18.16 16.89 16.10 16.56 
1.06 1.03 1.02 1.05 1.05 1.12 1.01 1.00 1.30 1.29 
6.61 6.48 6.29 5.55 5.99 6.39 5.49 5.28 6.88 6.82 
3.68 3.22 2.19 3.32 3.99 3.21 2.03 3.75 4.39 4.74 
4.25 3.75 3.76 3.56 4.46 4.14 4.94 4.66 3.88 3.50 
3.81 5.13 5.45 5.09 4.74 4.78 4.85 4.48 4.95 5.03 
0.11 0.11 0.10 0.11 0.10 0.10 0.08 0.09 0.10 0.10 
5.78 4.62 4.61 4.49 5.61 5.60 5.43 5.43 6.84 6.11 
1.11 1.09 1.08 1.02 0.95 0.80 0.85 0.80 1.12 1.08 
99.27 99.32 98.77 100.01 99.70 99.32 100.82 99.85 99.46 99.50 
12 7 11 6 9 13 10 9 12 11 
182 174 136 167 152 153 160 160 175 154 
30 17 16 10 42 51 34 38 57 62 
114 118 106 103 76 107 87 66 111 108 
20 21 18 21 20 22 20 21 19 21 
54 74 66 43 101 125 114 103 134 134 
2471 2251 3762 2818 1773 1211 1601 1657 1661 1169 
27 30 27 22 32 37 31 29 42 43 
716 738 833 701 593 591 583 517 748 727 
41 42 40 45 35 36 43 28 48 49 
2044 2027 2293 2488 1914 1959 1775 1926 2374 2312 
173 182 207 215 161 148 163 127 190 167 
19 19 22 33 28 31 26 23 35 31 
35 37 27 32 27 29 32 23 34 35 
64 64 79 68 45 54 56 41 66 60 





McCullough Range Volcanic Field 
Lower Enigma Volcano 
10-ms3 13-lg148 11-lg26 11-lg73 11-lg35 5-3-lpm2 13-lg132 13-lg140 13-ms18 13-ms20 
U. Speckles 
U. 
Speckles Josie Josie Mama Velcro ED ED ED ED 
35.6416 35.5428 35.5697 35.5356 35.5772 35.7178 35.5673 35.7195 35.6581 35.6572 
-115.1073 -115.2514 -115.2456 -115.2492 -115.2482 -115.1500 -115.2545 -115.1624 -115.1328 -115.1314 
58.97 54.76 50.31 48.77 47.87 47.08 56.44 53.91 54.99 55.97 
17.22 16.58 13.87 12.15 13.09 12.60 16.63 16.86 15.49 15.90 
0.93 1.06 1.33 1.51 1.44 1.31 1.03 1.32 1.14 1.10 
5.38 5.82 8.32 7.83 10.01 9.45 6.31 7.73 7.31 7.40 
3.04 4.11 10.41 10.36 12.58 12.29 4.64 4.61 6.15 5.42 
4.47 4.47 4.17 4.01 2.66 2.99 3.97 4.14 3.35 3.49 
4.75 4.64 2.05 1.44 1.65 1.53 3.53 2.94 3.02 2.79 
0.08  0.13 0.11 0.15 0.15 0.10 0.19 0.11 0.14 
4.63 6.57 8.74 11.70 9.93 10.61 6.86 7.14 7.68 6.98 
0.58 0.92 0.54 1.56 0.63 1.22 0.54 0.64 0.57 0.46 
100.05 99.19 99.87 99.43 100.02 99.24 100.05 99.47 99.81 99.65 
10 10 22  22 28 14 18 19 18 
143 137 218  249 209 161 176 165 150 
44 45 283  347 308 55 60 67 110 
74 68 44  50 60 64 38 38 41 
22 20 18  17 16 16 18 17 18 
132 105 16  24 29 81 50 42 48 
1275 1892 1297  1143 1510 959 1139 1485 1030 
34 32 14  18 30 22 24 19 16 
523 638 292  272 485 412 361 364 298 
29 34 21  15 20 23 17 13 14 
1836 1943 1689  1491 3241 1340 1510 1649 1336 
127 150 49  67 112 115 80 75 53 
23 29 13  12 19 15 14 13 11 
27 26 9  5 4 19 10 9 10 
48 46 21  17 26 36 18 23 16 





McCullough Range Volcanic Field 
Lower Enigma Volcano 













35.6908 35.6339 35.6308 35.6366 35.5522 35.5522 35.5783 35.5651 35.5774 35.5234 
-115.1668 -115.1005 -115.2637 -115.2667 -115.2430 -115.2430 -115.2429 -115.2487 -115.2466 -115.2518 
55.41 53.90 57.17 57.53 60.32 60.47 61.53 59.74 60.88 68.62 
15.17 15.03 15.40 15.46 15.99 16.77 15.73 16.41 16.48 16.91 
1.25 1.12 1.00 0.97 0.80 0.86 0.78 0.86 0.94 0.36 
6.91 6.77 6.60 6.35 5.52 4.94 4.99 5.02 5.32 2.41 
5.70 6.30 5.48 5.78 4.29 3.60 4.81 3.68 4.23 0.71 
3.67 3.69 3.64 3.90 4.29 4.08 3.63 4.33 2.92 4.78 
3.14 3.35 3.34 3.27 3.36 4.04 3.00 4.23 2.94 4.53 
 0.13 0.10 0.09 0.11 0.08 0.07 0.07 0.10 0.05 
7.35 8.15 7.11 6.88 4.52 5.34 6.10 6.03 5.87 2.35 
0.62 0.66 0.48 0.48 0.29 0.48 0.34 0.46 0.46 0.14 
99.49 99.10 100.31 100.72 99.50 100.66 100.98 100.83 100.14 100.86 
17 19 18 18  11   13 3 
168 182 145 142  132   120 35 
82 125 100 102  40   51 1 
40 36 41 58  70   37 6 
18 17 19 19  21   19 19 
48 62 61 63  121   77 77 
1414 1346 1464 1425  1387   1082 1426 
18 22 21 20  31   25 16 
358 347 342 336  416   398 362 
17 16 15 14  22   23 14 
1781 1743 1819 1768  1914   1993 2119 
96 101 93 99  105   79 79 
14 15 15 13  18   17 15 
10 12 17 17  21   18 24 
20 24 33 32  42   29 30 





McCullough Range Volcanic Field 
Upper Enigma Volcano 









Cactus Hill MW bomb MW bomb MW bomb MW bomb MW bomb MW clast 
35.7390 35.8983 35.7336 35.7356 35.7417   35.7187 35.7511  
-115.7660 -115.2242 -115.1694 -115.1706 -115.1483   -115.1618 -115.1283  
67.61 52.25 52.48 52.66 64.17 63.89 63.02 0.00 62.38 62.51 
15.29 14.88 14.77 15.61 16.40 16.36 16.05 16.50 16.44 17.49 
0.45 1.45 1.31 1.37 0.69 0.69 0.68 0.72 0.81 0.70 
2.92 8.08 8.05 8.03 4.54 4.42 4.55 4.40 5.09 4.59 
1.13 6.91 7.14 5.99 2.07 2.08 2.14 2.09 2.31 3.49 
3.75 3.33 3.29 3.65 3.74 4.25 3.83 3.76 3.93 2.87 
4.72 3.12 2.92 3.19 4.07 4.03 3.83 4.14 4.15 1.78 
0.05 0.13 0.12 0.13 0.08 0.08 0.08 0.10 0.09 0.07 
2.38 8.21 8.63 8.07 4.01 4.14 4.04 4.53 4.11 5.56 
0.19 0.72 0.71 0.74 0.35 0.36 0.34 0.37 0.40 0.32 
98.49 99.08 99.42 99.44 100.11 100.30 98.55 99.65 99.70 99.38 
4 18 23 21 9 7 8  11 12 
42 203 194 219 78 81 79  99 79 
14 145 95 73 18 16 19  18 23 
17 59 44 43 19 21 25  22 22 
18 17 17 19 19 20 21  18 20 
138 62 48 54 102 116 115  126 29 
699 1027 1381 1491 980 1002 1001  944 1968 
20 26 23 26 29 30 21  35 9 
327 378 243 370 337 353 300  407 434 
17 24 15 16 15 16 16  19 14 
1259 1505 1788 1817 1444 1549 1453  1560 1689 
74 83 96 98 58 78 61  66 37 
13 15 13 14 9 9 14  12 12 
26 10 7 7 16 14 22  16 3 
21 20 20 22 20 21 13  26 33 





McCullough Range Volcanic Field 









evb1 DA-4 3-8-mw2 DA-3 11/9/mw8 















 35.7250         
 -115.1478         
63.03 63.24 63.89 64.43 64.54 60.46 64.56 64.60 65.18 65.71 
16.30 16.36 15.74 15.98 16.07 16.04 15.93 15.79 15.56 15.98 
0.70 0.69 0.59 0.68 0.67 0.87 0.60 0.67 0.60 0.61 
4.52 4.52 3.87 4.16 4.44 5.23 4.01 4.42 3.93 3.94 
2.17 2.06 1.89 2.13 1.71 3.76 2.00 1.86 1.63 1.80 
3.96 3.98 4.07 3.72 4.06 4.16 3.57 3.39 3.80 4.15 
3.97 3.91 3.94 4.17 4.35 3.63 4.01 5.64 4.32 3.92 
0.08 0.08 0.06 0.07 0.07 0.07 0.07 0.07 0.06 0.06 
4.39 4.30 5.44 3.71 3.75 5.27 3.73 3.11 3.32 3.48 
0.36 0.38 0.27 0.32 0.34 0.43 0.27 0.29 0.27 0.27 
99.48 99.52 99.77 99.38 100.00 99.92 98.75 99.83 98.67 99.92 
10 9 13 10 8 13 6 9 9 5 
84 78 70 80 85 112 65 71 66 70 
19 17 17 25 18 64 19 29 19 17 
19 20 16 23 14 27 25 22 22 18 
20 19 19 19 20 20 19 18 19 20 
124 105 84 123 97 71 109 112 107 119 
1008 1023 865 880 936 1283 879 677 803 851 
31 28 24 32 26 21 21 27 20 29 
343 357 322 334 333 344 299 283 292 327 
16 16 14 16 15 11 16 12 15 15 
1510 1582 1451 1516 1525 1644 1472 1614 1435 1470 
76 80 66 76 56 56 60 44 61 64 
9 11 9 7 7 9 9 7 9 9 
14 18 14 17 13 11 25 16 22 18 
23 22 21 21 21 21 16 15 14 22 





McCullough Range Volcanic Field 
Upper Enigma Volcano 












Wash McCl-A McCl-A McCl-A 
35.7350    35.7353 35.7417 35.7346 35.7197 35.7349 
-115.1297    -115.1283 -115.1483 -115.1694 -115.1504 -115.1686 
65.94 65.95 65.99 66.04 66.25 66.57 58.37 58.51 59.94 
15.92 16.06 16.05 16.01 15.77 15.87 17.99 18.41 18.46 
0.60 0.60 0.60 0.60 0.59 0.59 1.00 1.20 0.96 
3.92 3.83 3.92 3.99 3.82 3.88 5.03 5.87 4.92 
1.29 1.75 1.79 1.70 1.03 0.99 2.31 2.10 2.23 
4.12 4.50 4.26 3.99 3.74 3.80 4.02 4.29 4.19 
4.24 3.83 3.81 4.19 4.86 4.48 4.03 4.21 3.92 
0.06 0.06 0.06 0.07 0.06 0.06 0.08 0.10 0.08 
3.39 3.48 3.61 3.48 3.38 3.42 4.80 5.09 4.78 
0.27 0.27 0.27 0.29 0.27 0.27 0.42 0.51 0.42 
99.75 100.33 100.36 100.36 99.77 99.93 98.06 100.28 99.90 
9 10 9 6 6 9 9 12 11 
77 67 67 68 81 69 102 140 91 
17 17 16 16 15 17 8 12 9 
14 16 17 17 15 17 12 17 12 
20 19 19 19 19 18 20 19 21 
105 102 103 99 104 98 81 80 79 
825 857 857 858 793 814 1080 1031 1069 
27 26 26 26 26 27 27 28 29 
325 323 324 324 317 314 401 417 413 
14 14 14 14 14 14 25 25 23 
1486 1462 1488 1452 1460 1459 1604 1623 1557 
77 60 67 61 72 46 78 81 71 
8 9 10 9 8 7 18 19 12 
14 17 16 18 16 15 12 11 13 
20 20 21 22 20 18 20 21 19 





McCullough Range Volcanic Field 
Upper Enigma Volcano 




















35.7247 35.7384 35.7410 35.7481 35.7360 35.7475     
-115.1481 -115.1619 -115.1620 -115.1277 -115.1400 -115.1253     
60.57 65.85 65.37 64.57 65.67 65.94 63.58 65.36 65.41 65.43 
18.55 15.42 15.18 15.49 15.64 15.70 16.11 15.55 15.60 15.32 
0.91 0.56 0.56 0.58 0.60 0.60 0.71 0.58 0.58 0.56 
4.62 3.79 3.75 3.80 3.89 3.88 4.42 3.92 4.06 3.84 
1.45 1.94 1.94 2.77 2.12 2.11 2.10 1.96 2.06 1.92 
4.46 3.60 3.72 3.49 4.00 3.57 3.91 3.47 3.63 3.29 
4.09 4.04 3.94 3.25 3.69 3.96 4.11 3.94 3.82 4.21 
0.08 0.06 0.06 0.06 0.06 0.06 0.08 0.06 0.07 0.06 
4.71 3.47 3.35 5.37 3.47 3.72 3.88 3.45 3.42 3.40 
0.40 0.23 0.23 0.25 0.24 0.25 0.34 0.23 0.24 0.22 
99.84 98.96 98.10 99.62 99.37 99.79 99.24 98.51 98.88 98.24 
10 6 9 11 8 11 8 10 10 7 
94 68 61 72 69 72 77 66 68 67 
8 29 27 33 29 33 21 30 31 30 
13 25 18 19 15 19 22 21 19 24 
19 20 18 18 19 18 21 19 19 19 
85 92 93 91 119 91 99 99 98 121 
1093 784 770 794 775 794 977 726 728 724 
28 18 18 23 28 23 21 19 20 19 
421 250 273 281 281 281 341 254 258 270 
23 12 12 12 13 12 20 13 12 13 
1578 1532 1491 1607 1526 1607 1523 1457 1492 1533 
65 49 65 48 51 48 90 57 60 58 
10 8 7 8 8 8 10 8 8 8 
14 22 18 16 17 16 23 22 23 24 
21 11 16 16 17 16 16 11 11 12 





McCullough Range Volcanic Field 
Upper Enigma Volcano 
12-29-
evb1 2.2 12-29-evb2 3.20 1.2 
3-12-





















  35.7383 35.7620       
  -115.1428 -115.1754       
65.64 65.83 65.91 65.93 66.20 66.39 66.45 66.75 66.79 66.85 
15.92 15.51 15.75 15.58 15.63 15.77 15.59 15.86 15.73 15.50 
0.62 0.57 0.61 0.58 0.56 0.58 0.56 0.57 0.56 0.56 
4.16 3.86 4.02 3.79 3.90 3.80 3.69 3.76 3.64 3.70 
2.10 2.01 2.06 2.06 2.05 1.94 1.94 1.99 1.95 1.66 
3.67 3.71 3.99 4.19 3.51 3.73 3.97 4.02 3.65 3.90 
4.11 3.87 3.87 3.17 4.07 4.07 3.87 3.65 3.97 4.43 
0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
3.72 3.37 3.48 3.45 3.32 3.45 3.35 3.39 3.39 3.15 
0.30 0.24 0.25 0.23 0.22 0.23 0.22 0.23 0.24 0.23 
100.30 99.02 100.00 99.04 99.52 100.02 99.70 100.28 99.98 100.04 
8 10 10 7 9 10 8 7 9 6 
73 65 73 70 62 55 69 66 56 72 
28 30 28 29 29 27 30 27 28 27 
20 22 18 22 23 17 18 18 20 21 
19 20 18 21 19 18 19 19 19 18 
99 93 93 133 112 93 95 88 99 94 
815 782 782 793 723 785 770 773 753 740 
25 17 24 18 20 24 22 24 19 23 
290 244 284 252 251 276 265 267 273 273 
13 11 12 13 13 12 12 11 12 12 
1593 1441 1551 1524 1653 1465 1678 1529 1465 1568 
45 55 62 69 49 47 49 44 50 58 
8 7 8 7 7 7 6 7 7 6 
16 22 18 24 24 16 16 17 19 14 
16 9 16 11 12 16 16 15 14 16 





McCullough Range Volcanic Field 
Upper Enigma Volcano 
11/9/chd1 11-m65 09-m25 NR-1 09-m21 5-23-chd1 08-m1 11/9/evb3 3-8-ch1 5-23-ch1 
Cactus Hill 










Hill Cactus Hill Cactus Hill Cactus Hill 
          
          
53.56 53.59 53.75 55.27 55.96 56.49 56.51 56.58 56.62 56.63 
16.70 15.54 15.76 14.74 16.23 16.01 15.92 15.41 15.86 15.28 
1.25 1.47 1.43 1.01 1.18 1.17 1.21 1.11 1.15 1.11 
7.75 7.03 7.72 6.62 7.03 7.07 6.61 6.75 6.82 6.53 
4.54 5.83 5.72 5.62 4.48 4.49 5.56 5.08 4.93 4.76 
3.98 3.57 3.37 3.24 3.84 3.74 3.93 3.68 3.87 3.79 
3.76 3.59 3.89 3.99 3.21 3.43 3.20 3.01 3.21 3.29 
0.12 0.12 0.12 0.10 0.11 0.10 0.11 0.10 0.10 0.10 
6.40 7.61 7.96 7.40 7.23 6.50 6.71 7.29 6.49 6.39 
0.82 0.84 0.78 0.63 0.58 0.54 0.50 0.48 0.50 0.51 
98.88 99.18 100.50 98.63 99.85 99.55 100.26 99.49 99.55 98.38 
12 14 19 18 15 17 17 16 15 16 
190 206 221 155 147 155 162 170 168 163 
37 81 69 124 58 64 115 104 114 107 
44 57 66 39 42 39 42 39 41 45 
21 19 18 18 21 19 20 19 20 20 
72 59 84 75 59 71 67 72 72 68 
1458 1444 1054 1434 1127 1155 1116 1166 1133 1132 
30 24 30 24 23 21 22 25 25 20 
424 400 405 321 372 376 370 377 372 382 
18 24 24 15 18 17 19 18 18 18 
1789 1890 1584 1777 1418 1473 1522 1475 1541 1516 
105 94 105 95 73 69 62 82 55 64 
12 18 22 10 14 10 16 10 10 10 
12 11 13 19 7 11 11 12 12 12 
27 25 24 14 22 22 22 21 22 21 





McCullough Range Volcanic Field 
Upper Enigma Volcano 

















Hill CH dacite 
CH 
dacite 
           
           
56.74 56.80 57.05 58.69 54.81 55.36 55.60 54.43 55.96 61.63 63.44 
15.88 15.75 16.41 16.43 16.21 17.63 15.46 16.75 15.35 15.71 15.61 
1.16 1.14 1.21 1.08 1.39 1.35 1.14 1.13 1.13 0.85 0.68 
7.17 6.65 6.44 5.79 8.05 7.24 6.96 7.49 6.73 4.79 3.94 
4.26 4.62 4.57 4.62 4.85 3.73 4.76 3.55 5.23 2.61 1.95 
3.66 4.01 3.82 3.99 3.57 3.89 3.71 3.63 3.45 3.65 3.85 
3.32 3.44 3.57 3.92 3.24 3.12 3.31 3.74 2.81 3.75 3.72 
0.10 0.10 0.11 0.09 0.12 0.11 0.10 0.12 0.10 0.07 0.06 
6.41 6.61 6.52 6.34 7.10 6.54 7.44 6.27 6.83 4.56 3.61 
0.58 0.50 0.55 0.56 0.61 0.59 0.49 0.68 0.48 0.40 0.28 
99.27 99.61 100.25 101.51 99.95 99.55 98.98 97.79 98.07 98.02 97.14 
16 10 15 14 16 17 13 15 16 10 9 
164 70 182 155 187 197 171 215 153 105 80 
51 30 56 67 54 41 109 38 106 31 22 
46 23 35 40 41 35 41 35 45 28 23 
21 19 19 21 19 21 19 18 19 20 20 
81 85 76 76 61 44 77 78 65 79 106 
1148 807 1085 1336 1273 1211 1120 1334 1185 1030 876 
27 21 26 22 25 25 25 25 25 25 22 
354 274 370 385 386 374 373 432 377 350 315 
20 12 18 16 16 18 18 18 18 13 12 
1735 1495 1466 1669 1576 1532 1508 1584 1447 1574 1405 
89 49 76 84 80 73 73 86 66 56 50 
11 8 14 17 14 11 9 12 9 9 8 
19 17 9 13 8 11 12 10 11 14 15 
16 17 20 24 20 20 21 26 22 19 18 





McCullough Range Volcanic Field 




dd-2a 11/9/ch1 ev-die-dd dd-2b 09-m13 Chd-f 2-25-evb1 6-7-evb2 2-10-evb1 CHd-b 3-28-t1 
CH 






dacite CH dacite CH dacite CH dacite 
CH dacite 
bomb TBS 
           
           
61.08 61.81 61.83 61.99 62.75 62.84 62.66 62.71 63.48 64.82 66.96 
15.69 15.93 15.76 15.41 16.47 16.08 16.15 15.52 16.44 16.58 16.73 
0.87 0.85 0.84 0.86 1.01 0.83 0.84 0.90 0.86 0.68 0.59 
5.07 4.76 4.84 5.02 5.26 4.80 4.86 4.62 4.84 4.45 2.82 
2.90 2.23 2.63 2.39 2.98 2.37 2.37 1.95 2.48 1.82 2.22 
3.83 4.26 3.72 3.87 4.12 3.78 4.06 3.85 4.12 4.07 3.61 
3.92 3.95 3.79 4.02 3.77 3.67 4.19 4.40 4.14 3.88 4.02 
0.07 0.05 0.07 0.07 0.08 0.06 0.06 0.07 0.04 0.07 0.08 
4.55 4.61 4.34 4.45 4.73 4.91 4.42 4.00 4.20 3.52 2.53 
0.42 0.41 0.39 0.41 0.36 0.39 0.40 0.34 0.42 0.32 0.13 
98.40 98.86 98.21 98.49 101.53 99.74 100.01 98.35 101.03 100.21 99.69 
11 12 10 11 9 10 11 10 11 7 8 
111 119 110 114 118 109 111 123 110 69 45 
38 34 39 37 38 31 32 36 35 17 9 
27 29 33 29 32 30 29 33 30 16 9 
19 21 21 20 19 20 20 19 21 18 18 
71 79 112 78 110 46 81 134 82 121 177 
1046 1023 1024 1013 806 1085 987 752 993 900 499 
20 23 19 21 29 18 25 29 25 35 48 
363 354 303 360 392 346 343 393 351 396 623 
14 14 13 14 23 13 13 22 13 17 29 
1847 1654 1573 1555 1335 1569 1603 1263 1561 1492 1186 
77 62 84 51 78 81 49 71 68 93 158 
9 10 14 10 17 10 9 11 10 10 16 
14 13 21 13 11 14 16 17 15 20 29 
21 20 12 20 26 20 19 25 18 25 30 





McCullough Range Volcanic Field 
Tuff of Bridge Spring Peach Spring Tuff Pumice Mine 
10-18-t1 m3 m24a 11/9/gf lg37b lg37a 11-lg27 11-lg2 11-lg85 11-m56 11-M97B 
TBS TBS TBS TBS TBS TBS PST PST 
Waterlain 
PST PM South PM North 
         35.7458  
         -115.1393  
70.48 69.83 64.29 66.02 67.33 71.52 73.27 74.24 72.22 46.82 49.04 
14.64 14.54 17.21 16.34 15.24 14.93 13.79 13.35 16.30 13.03 13.98 
0.49 0.45 0.62 0.61 0.51 0.38 0.31 0.28 0.37 1.43 1.24 
2.50 2.25 3.12 2.97 2.57 1.84 1.57 1.41 1.76 9.38 8.95 
1.25 0.96 2.53 1.10 1.21 0.67 0.98 0.54 2.55 12.98 10.20 
3.83 4.09 4.07 4.19 4.54 4.16 3.18 4.03 3.53 2.44 2.80 
5.37 5.49 4.21 5.81 5.79 6.11 6.78 5.53 3.42 0.81 1.47 
0.08 0.08 0.08 0.07 0.08 0.08 0.07 0.07 0.07 0.16 0.14 
1.69 1.60 2.80 2.45 3.41 1.15 0.81 0.93 1.36 11.54 11.32 
0.14 0.12 0.17 0.17 0.14 0.05 0.06 0.04 0.06 0.76 0.56 
100.47 99.40 99.10 99.73 100.82 100.89 100.82 100.42 101.64 99.35 99.69 
6 0 7 7 5 4  0 3 34 30 
40 33 66 51 37 17  16 19 261 211 
19 12 8 11 6 3 < 20 6 18 322 200 
14 14 10 10 11 6 < 10 4 4 62 42 
18 18 17 18 17 20 20 17 21 13 15 
208 183 140 132 139 218 155 207 183 11 26 
256 186 702 485 414 89 67 37 270 946 934 
60 60 42 40 39 66 39 65 65 17 17 
352 326 642 582 361 322 289 245 315 232 213 
45 44 24 26 34 51 26 37 42 13 11 
242 250 1763 1493 717 124 179 47 138 1282 913 
80 80.00 147 141 78 71 91.1 89 86 59 37 
11 17.00 32 15 17 18 7.1 10 15 9 11 
35 30.00 25 26 28 41 33 29 43 5 7 
42 38.00 30 28 35 44 30 27 33 15 16 





McCullough Range Volcanic Field 
Hidden Valley Sloan I-15 
11-m79 13-hv3 12-28-hv1 12-28-evb1 3-13-evb1 Mc83b Mc83a Mc94 Mc59b 11-M106 









     35.8417 35.8417 35.8417 35.8417 35.9394 
     -115.1698 -115.1698 -115.1698 -115.1698 -115.2090 
49.65 49.34 54.29 57.47 58.10 61.47 64.59 59.59 67.32 50.99 
17.70 16.71 16.60 18.02 18.10 17.89 16.85 18.02 15.10 15.42 
1.73 1.55 1.14 0.84 0.84 0.66 0.50 0.70 0.63 1.01 
9.19 9.39 8.27 6.71 6.86 5.42 4.28 6.08 2.96 7.53 
6.50 7.83 5.65 2.44 2.01 1.92 1.16 2.32 1.73 8.95 
3.67 3.42 3.51 3.76 3.56 3.90 3.59 3.86 3.72 2.93 
1.24 1.57 1.65 3.63 4.01 4.05 5.71 3.98 5.76 2.30 
0.16 0.20 0.14 0.14 0.10 0.11 0.14 0.12 0.08 0.13 
9.56 9.08 8.32 5.50 5.36 4.29 3.08 4.59 2.02 9.16 
0.45 0.60 0.25 0.75 0.75 0.49 0.21 0.55 0.18 0.56 
99.85 99.69 99.82 99.26 99.69 100.20 100.11 99.81 99.50 98.98 
27 24 25 12 14 9 6 8 4 24 
255 214 181 135 123 88 29 90 37 193 
74 135 57 11 10 13 11 9 18 166 
39 47 42 18 22 14 7 11 11 43 
16 15 16 19 18 17 16 18 17 15 
19 27 39 83 87 91 147 84 181 45 
665 797 453 1453 1418 1244 966 1397 284 1172 
23 20 24 34 38 33 58 31 62 21 
244 271 195 377 371 379 465 377 371 246 
15 18 8 13 12 16 22 14 45 10 
641 979 482 2106 2013 2059 2030 2098 385 1475 
35 28 27 85 81 64 120 82 75 49 
7 10 6 10 9 14 22 20 19 8 
3 5 8 11 15 16 24 15 30 7 
10 13 11 26 24 24 27 23 35 22 






Inclusions/Xenoliths/Cumulates, Lucy Gray Pre-Cambrian Basement 
11-lgper3 lg84ax 10-MET2 11-M58 11-lg80 
"Peridotite" Granite 1.7 Ga Amphibolite 1.7-1.4 Ga Granite 1.4 Ga Beer Bottle Pass Granite 
     
     
54.58 65.60 46.67 67.18 67.17 
3.37 14.35 9.66 13.39 14.56 
0.31 0.20 1.51 1.20 1.16 
8.99 2.57 12.57 6.15 5.88 
28.26 2.80 14.75 1.60 1.54 
0.31 4.11 1.12 3.01 3.21 
0.58 4.98 1.72 3.95 4.74 
0.15 0.04 0.22 0.11 0.09 
3.28 1.20 10.22 3.35 2.72 
0.09 0.13 0.27 0.44 0.46 
99.91 95.97 98.71 100.38 101.52 
10 5  16 15 
57 25 279 95 97 
1156 40 450 5 4 
119 90 < 10 8 10 
4 15 16 17 19 
7 78 92 152 182 
146 434 44 281 273 
0 14 18 80 77 
44 62 86 401 384 
5 7 8 30 28 
233 1358 206 1171 1210 
0 21.3 13.4 56 96 
0 1.3 2.1 14 16 
4 33 < 5 11 22 
3 2.2 2.6 9 17 
0.14 1.1 1.2 3 2.3 
 
Table A3: Rare Earth Element Geochemical Data from Utah and Nevada (ICP-MS) 
Volcanic 
Field Black Rock Desert Volcanic Field 
Sub-field Cove Fort 
Sample 
Name 09-br77 08-br39 09-br58 09-br66 09-br67 br279b br307 09-br96 09-br97 










Rock Red Knoll Crater Knoll 
Cr 40 20 130 190 180 < 20 210 70 80 
Co 25 40 167 206 40 115 111 41 53 
 232 
 
Zn 80 130 80 80 70 130 90 100 90 
Ge < 1 1 1 1 < 1 2 2 2 1 
As < 5 < 5 6 8 < 5 < 5 < 5 < 5 < 5 
Mo < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 
Ag < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 1.5 0.8 0.7 1.4 
In < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
Sn < 1 1 2 < 1 < 1 2 1 2 2 
Sb < 0.5 0.7 < 0.5 0.9 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
Cs 0.5 1 < 0.5 0.6 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
Ce 109 107 44.7 61 56.3 152 56.6 132 98.6 
Pr 12.7 12.2 5.86 7.92 7.31 18.7 7.03 14.7 11.3 
Nd 39 44.6 22.7 30.7 27.5 76.4 29.8 53.4 42.6 
Sm 7.5 9.5 5.1 6.5 6.2 13 6.5 8.9 7.7 
Eu 1.76 2.41 1.65 1.96 1.86 3.32 1.91 1.88 1.92 
Gd 5.9 7.4 4.9 6 5.8 9.8 6.4 6.6 6.1 
Tb 0.8 1.1 0.8 1 1 1.4 1 1 0.9 
Dy 4.8 6.1 5.2 6.2 6 7.8 6.1 5.2 4.7 
Ho 1 1.2 1.1 1.3 1.3 1.5 1.2 1 0.9 
Er 2.9 3.6 3.3 3.8 3.6 4.3 3.4 2.9 2.5 
Tm 0.42 0.54 0.5 0.57 0.55 0.61 0.52 0.42 0.36 
Yb 2.6 3.5 3.1 3.4 3.3 3.9 3.4 2.7 2.4 
Lu 0.38 0.53 0.47 0.5 0.49 0.64 0.55 0.44 0.38 
Ta 1.1 1.4 0.5 0.6 0.9 0.8 0.5 1.4 1.4 
W 86 86 419 503 93 236 256 151 185 
Tl 0.4 0.6 < 0.1 0.1 < 0.1 < 0.1 < 0.1 0.3 0.2 





Table A3 (Continued): 
Black Rock Desert Volcanic Field 
Cove Fort Twin Peaks 


























Creek Burnt Mtn 1 
110 < 20 < 20 < 20 < 20 < 20 180 190 100 160 70 
239 48 245 54 44 195 54 181 60 135 38 
80 < 30 < 30 30 < 30 70 110 90 90 120 80 
2 1 2 2 2 2 2 1 2 2 1 
< 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 
< 2 3 5 4 4 < 2 < 2 < 2 < 2 < 2 < 2 
0.9 < 0.5 0.6 0.5 0.6 0.5 < 0.5 1.1 3.4 1.3 2.6 
< 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
1 < 1 3 3 3 2 1 < 1 2 1 1 
< 0.5 0.6 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
< 0.5 3.5 4.7 4.7 4.7 1.8 < 0.5 < 0.5 1.9 1.7 < 0.5 
74.8 81.2 57.2 47.8 42.5 136 93.3 79.9 177 63.5 149 
8.65 7.74 3.99 3.49 3.17 14.7 11.3 9.81 19.7 7.91 16.4 
34.4 20.5 8.7 7.7 6.7 50.4 44.1 39.5 73.7 34.5 61.6 
6 3.1 1 0.9 0.8 7.6 7.9 7.2 11.9 7.6 9.5 
1.59 0.35 0.07 0.06 < 0.05 1.28 2.13 2.02 2.85 2.36 2.32 
4.9 2.2 1.1 1 0.7 4.4 6.6 6.1 9.8 7.7 7.5 
0.7 0.4 0.2 0.2 0.1 0.5 1 1 1.3 1.3 1 
4 2.3 1.2 1.1 0.9 2.5 5.5 5.4 7.2 7.5 5.3 
0.8 0.5 0.3 0.3 0.2 0.5 1.1 1 1.4 1.5 1 
2.2 1.8 1.3 1.2 1 1.2 3.2 2.9 3.8 4.3 2.8 
0.33 0.33 0.3 0.28 0.23 0.18 0.46 0.43 0.58 0.63 0.44 
2.2 2.4 2.6 2.4 2.1 1.1 3.1 2.8 3.8 4.1 2.9 
0.36 0.38 0.47 0.46 0.35 0.17 0.49 0.45 0.63 0.63 0.47 
0.6 3.2 2.6 3.9 3.7 0.9 0.9 0.5 4.6 0.8 1 
680 290 705 340 260 574 93 419 216 407 87 
< 0.1 0.9 1.2 1.2 1.2 0.7 < 0.1 0.2 0.3 0.4 0.2 





Black Rock Desert Volcanic Field 
Twin Peaks 
08-br35 09-br50 09-br52 
09-
br60 09-br55 08-br32 09-br51 09-br54 12-br291 
09-



























100 260 50 < 20 < 20 < 20 < 20 < 20 < 20 90 < 20 < 20 
174 41 37 211 251 368 27 365 213 219 256 7 
< 30 50 80 50 < 30 160 < 30 < 30 50 90 100 < 30 
< 1 < 1 1 1 1 2 1 1 3 1 2 < 1 
5 < 5 8 < 5 < 5 15 6 < 5 < 5 < 5 < 5 < 5 
< 2 < 2 < 2 < 2 < 2 < 2 < 2 3 2 < 2 < 2 < 2 
< 0.5 < 0.5 < 0.5 3.1 < 0.5 1.3 < 0.5 < 0.5 0.6 < 0.5 1.6 < 0.5 
< 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
< 1 < 1 1 3 2 1 3 2 10 < 1 2 < 1 
< 0.5 < 0.5 0.6 < 0.5 < 0.5 2.2 1.2 0.5 < 0.5 0.7 < 0.5 < 0.5 
< 0.5 < 0.5 1.2 0.8 3.6 3.2 3.4 2.4 5.5 < 0.5 < 0.5 < 0.5 
129 46.2 106 173 32.5 179 53.9 47.6 26.7 147 107 1.1 
13.9 6.27 12.7 18.5 4.65 17.7 6.71 5.46 3.8 17.2 12.6 0.12 
47.1 24.7 42.4 65.3 21.1 56.8 24.5 16.4 16.5 54.8 50.7 0.5 
9.1 6 8.6 10.6 5.8 10.2 5.4 3 6.2 9.4 9.5 < 0.1 
2.41 1.79 2.17 1.65 0.22 1.47 0.34 0.41 0.08 2.58 2.24 < 0.05 
6.7 5.7 7 8.7 5.7 7.2 4.7 2.1 7.2 7 7.7 < 0.1 
1 1 1.1 1.4 1.2 1.1 0.9 0.4 1.5 1 1.1 < 0.1 
5.3 6.2 6.2 7.6 7.9 6.5 5.8 2.6 10.7 5.8 6.1 < 0.1 
1 1.3 1.2 1.5 1.8 1.3 1.3 0.6 2.5 1.2 1.2 < 0.1 
3.2 3.7 3.6 4.4 6 4.2 4.2 2.1 7.7 3.5 3.3 < 0.1 
0.48 0.52 0.53 0.67 1.05 0.66 0.75 0.36 1.39 0.52 0.5 < 0.05 
3.1 3.3 3.3 4.6 7.4 4.5 5.3 2.5 9.6 3.3 3.4 < 0.1 
0.48 0.49 0.48 0.76 1.13 0.67 0.78 0.42 1.66 0.47 0.53 < 0.04 
0.8 1.3 1.2 1.2 3.1 1.4 2.8 1.7 3.4 0.8 0.9 < 0.1 
461 106 118 573 779 1110 164 1150 584 575 720 19 
< 0.1 < 0.1 2.4 0.4 1 0.4 1.2 1.1 2 0.2 0.2 0.2 





Black Rock Desert Volcanic Field 
Twin Peaks Beaver Ridge 








Mtn Kanosh BR Basalt I BR Basalt I BR R BR Th A BR Th BR 1.5 
130 50 120 < 20 30 70 70 < 20 30 40 60 
182 59 71 269 39 28 44 28 201 101 151 
80 130 80 40 50 < 30 70 130 170 80 140 
2 2 2 2 < 1 < 1 < 1 2 2 < 1 2 
< 5 9 < 5 32 < 5 < 5 < 5 < 5 < 5 < 5 < 5 
< 2 < 2 < 2 2 < 2 < 2 < 2 2 < 2 < 2 < 2 
1.6 2.4 1.4 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 0.8 < 0.5 < 0.5 
< 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
1 2 1 11 < 1 < 1 < 1 3 3 < 1 2 
< 0.5 < 0.5 < 0.5 0.8 < 0.5 < 0.5 < 0.5 0.7 < 0.5 < 0.5 < 0.5 
< 0.5 1.7 < 0.5 4.9 < 0.5 < 0.5 < 0.5 0.6 < 0.5 < 0.5 < 0.5 
120 129 108 43.7 64 65.8 65.6 128 95.4 66.7 54.9 
13.9 14.6 12.8 5.31 7.26 7.66 7.72 14.6 12 8.07 6.99 
53.6 57.2 51 24.7 28.7 29.2 29.4 58.6 49.8 35 29.8 
8.8 10.6 8.9 6.9 6.7 6.5 6.5 13.5 11.2 9.1 7.1 
2.22 2.55 2.25 0.32 2.07 1.94 1.97 3.27 2.94 2.7 2.25 
6.7 9.3 6.6 8 6.5 5.9 6 12.6 11.6 9.2 7.6 
1 1.3 1 1.6 1.1 0.9 0.9 2.2 1.9 1.5 1.3 
5.5 7.2 5.5 11.5 6.4 5.7 5.6 13 11.5 9.4 7.5 
1.1 1.4 1.1 2.7 1.3 1.1 1.2 2.7 2.4 2 1.5 
3.1 4 3.1 9.4 4.1 3.6 3.6 8.4 6.8 6.1 4.4 
0.47 0.61 0.46 1.63 0.63 0.55 0.54 1.31 1.02 0.93 0.65 
3 3.9 3 12 4 3.5 3.4 8.4 6.7 6 4.2 
0.49 0.61 0.48 1.92 0.6 0.54 0.52 1.31 1.06 0.9 0.68 
0.7 1.8 0.6 3.8 1.8 0.7 1 2 1 0.8 0.9 
503 223 135 788 128 33 84 145 528 254 346 
0.1 2.3 < 0.1 2.5 < 0.1 < 0.1 < 0.1 0.5 0.1 < 0.1 < 0.1 





Black Rock Desert Volcanic Field 
Ice Springs 










Knoll Pot Mtn Pot Mtn Pot Mtn Pot Mtn Deseret 
220 260 190 170 170 70 40 50 50 50 70 
36 131 146 41 124 56 238 154 116 135 56 
50 30 50 80 30 100 70 90 90 90 120 
< 1 < 1 < 1 1 < 1 2 1 2 2 2 1 
< 5 < 5 < 5 13 < 5 16 < 5 < 5 < 5 < 5 < 5 
< 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 
< 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 0.7 < 0.5 
< 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
< 1 < 1 < 1 2 < 1 < 1 < 1 < 1 < 1 < 1 < 1 
< 0.5 0.6 < 0.5 1.2 < 0.5 < 0.5 0.7 < 0.5 < 0.5 < 0.5 0.9 
< 0.5 < 0.5 0.5 < 0.5 < 0.5 1.2 < 0.5 0.6 < 0.5 < 0.5 < 0.5 
64.7 68.5 53.3 44.9 40 35.6 58.6 54.9 50.6 54.1 71.8 
7.52 7.62 5.99 5.11 4.56 4.74 7.46 6.83 6.33 6.68 9.48 
30.7 30.2 23.8 20.3 18.8 20.8 28 28.4 26.8 28.5 37.2 
7.3 6.8 5.5 4.8 4.3 5.1 6.7 6.6 6.4 6.6 8.4 
2.26 1.98 1.77 1.52 1.39 1.55 1.7 1.61 1.58 1.62 2.69 
7 6.6 5.2 4.6 4.3 5.5 6.6 6.7 6.9 6.9 8.5 
1.1 1.1 0.9 0.8 0.7 0.9 1.2 1.1 1.1 1.2 1.5 
6.7 6.4 5.1 4.6 4.2 5.2 7.3 6.6 6.7 6.9 9.1 
1.4 1.3 1.1 0.9 0.9 1 1.6 1.4 1.4 1.4 1.9 
4.1 4.1 3.2 2.8 2.7 3 4.7 3.9 4 4 5.6 
0.61 0.62 0.48 0.42 0.4 0.43 0.71 0.62 0.6 0.62 0.83 
4 4 3.1 2.7 2.5 3 4.4 4 4 4.2 5.1 
0.6 0.61 0.48 0.41 0.39 0.48 0.64 0.65 0.65 0.64 0.73 
1.5 1.3 1 1.3 0.9 0.7 0.8 0.5 0.5 0.6 1.4 
57 332 367 68 305 70 633 400 281 352 147 
< 0.1 < 0.1 0.1 0.1 < 0.1 < 0.1 0.2 < 0.1 < 0.1 < 0.1 < 0.1 





 Black Rock Desert Volcanic Field McCullough Range Volcanic Field 
Fumarole Butte Lower Enigma Volcano 




















Hills  Hopper Hopper Greenie 
150 160 410 < 20 < 20 < 20 < 20 < 20 460 360 640 
29 205 166 44 308 52 324 91 106 84 134 
30 90 40 120 < 30 < 30 30 30 130 140 110 
< 1 1 < 1 1 1 2 1 4 2 2 2 
< 5 5 < 5 12 17 57 6 29 < 5 < 5 < 5 
< 2 < 2 < 2 < 2 3 < 2 2 2 < 2 < 2 < 2 
< 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 0.9 1.3 0.7 
< 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
< 1 3 < 1 1 2 2 1 190 3 3 2 
< 0.5 0.8 < 0.5 0.5 < 0.5 1.5 0.7 1.4 < 0.5 < 0.5 < 0.5 
< 0.5 < 0.5 < 0.5 0.7 4.2 15.3 5.6 24.3 0.8 3.4 3.7 
104 49.7 28.2 154 134 95.7 106 60.2 348 398 205 
12.5 6.72 3.68 19 13.8 12.3 11.9 6.09 41.7 47.5 23.9 
43.2 26.9 14.5 70 40.4 52 37.7 16.6 156.00 181.00 88.80 
8.7 6.5 3.6 14.8 7.5 13.1 7 3.8 25.00 29.60 14.50 
2.42 2.07 1.3 3.98 0.46 0.1 0.46 < 0.05 5.79 6.56 3.37 
7.6 6.5 3.7 13.1 5.9 14 5.6 2.7 15.6 17.9 9.7 
1.2 1.1 0.7 2.2 1.1 3.1 1.1 0.7 1.7 1.9 1.2 
7.2 6.9 4.2 12.9 7.4 21.5 6.8 4.4 7.7 8 5.9 
1.5 1.5 0.9 2.6 1.6 4.7 1.4 1 1.2 1.2 1 
4.2 4.3 2.7 7.6 5 15.5 4.7 3.3 2.9 3 2.6 
0.61 0.65 0.39 1.11 0.84 2.58 0.86 0.63 0.35 0.33 0.36 
3.7 4 2.4 6.8 5.5 17.1 5.9 5.2 2 1.9 2.2 
0.55 0.57 0.33 0.99 0.73 2.37 0.86 1.02 0.3 0.28 0.35 
1.9 1 0.5 2.6 4.3 8.1 3.7 23.7 2 1.3 1.7 
96 513 441 200 1010 411 1030 809 228 179 325 
< 0.1 < 0.1 < 0.1 0.2 1.5 3.1 1.1 8.9 0.2 1.2 0.1 





McCullough Range Volcanic Field 
Lower Enigma 













Speckles Josie Mama Velcro ED 
Beer Bottle 
Pass Strider Lilly 
370 60 70 < 20 70 590 750 520 250 200 90 < 20 
135 103 98 16 154 150 136 26 27 162 187 214 
70 60 90 70 90 80 90 30 90 70 70 50 
1 1 1 1 1 1 2 < 1 2 1 1 1 
< 5 < 5 6 255 7 < 5 < 5 < 5 < 5 < 5 9 < 5 
< 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 < 2 3 < 2 
1.5 1.3 1.2 < 0.5 2.5 1.3 1 < 0.5 1.3 1.3 2.2 1.3 
< 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
1 1 1 < 1 2 1 1 < 1 2 1 1 1 
< 0.5 < 0.5 0.5 4.6 0.6 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 0.8 < 0.5 
0.7 < 0.5 1.8 < 0.5 1.5 1.8 3.3 2.1 1.1 1 3.7 1.1 
241 127 280 333 250 129 129 237 163 174 184 142 
29.3 12 33.1 39.4 29.3 15.8 16.3 31.2 19.4 20.6 21.2 16 
107 43 122 119.00 103 61.3 63.3 106.00 72.9 75.2 74.9 53.8 
17.3 6.8 18.8 17.30 16.2 11.2 11.7 18.50 11.7 12.1 11.5 7.9 
4.19 1.76 4.29 3.89 3.5 2.69 2.96 4.53 2.81 2.81 2.55 1.74 
10.1 4 10.8 10.6 9 7 7.9 13.1 7.2 7.3 6.8 4.1 
1.2 0.5 1.3 1.2 1.1 0.9 1 1.7 0.9 0.9 0.8 0.5 
5.1 2.3 5.7 5.4 4.8 4.2 5 8 4.3 4.2 3.9 2.3 
0.8 0.4 0.9 0.8 0.8 0.8 0.9 1.3 0.8 0.7 0.7 0.4 
2 1.1 2.3 2.2 2.1 2 2.2 3.1 2 1.8 1.8 1.1 
0.26 0.16 0.31 0.35 0.26 0.27 0.29 0.47 0.27 0.25 0.25 0.16 
1.5 1 1.9 1.8 1.6 1.7 1.8 2.5 1.7 1.5 1.6 1 
0.21 0.15 0.29 0.25 0.25 0.25 0.27 0.33 0.25 0.24 0.23 0.16 
1.6 0.8 1.6 2 1.6 1.3 0.8 1.3 1 1 1.5 0.9 
310 269 194 22 372 304 278 29 < 1 394 497 549 
0.1 0.2 0.2 0.2 0.2 0.1 < 0.1 < 0.1 0.2 0.2 0.5 0.4 





McCullough Range Volcanic Field 
Upper Enigma Volcano 
3.16 11-m80 
3-13-
mw2 11/10/hb1 DA-6 DA-3 09-m8 2.16 
5-17-




















 210 30 20   < 20   40 40 
 119 180 228   190   119 150 
 100 50 60   50   60 70 
 2 1 1   1   1 1 
 < 5 10 < 5   8   < 5 < 5 
 < 2 < 2 < 2   2   < 2 < 2 
 0.7 < 0.5 < 0.5   < 0.5   < 0.5 < 0.5 
 < 0.2 < 0.2 < 0.2   < 0.2   < 0.2 < 0.2 
 2 < 1 < 1   < 1   < 1 < 1 
 < 0.5 1.4 1.8   1.1   0.8 0.8 
2.0 < 0.5 1.5 2.1 1.8 1.7 0.8 1.0 1.0 1.2 1.4 
134.0 211 114 124 128.8 121.4 145 98.8 105.0 85.2 89.2 
14.3 23.8 13.5 14.6 14.4 13.4 17.4 11.0 11.6 10 10.4 
48.0 86.8 41.9 44.9 51.0 46.7 54.30 38.8 40.8 30.7 31.5 
7.6 13.7 6.9 7.3 8.3 7.6 8.80 6.5 6.8 5.1 5.2 
1.6 3.08 1.68 1.78 2.0 1.7 2.33 1.6 1.6 1.24 1.31 
5.2 8.8 5 5.2 5.9 5.3 6.5 4.7 4.9 3.7 3.9 
0.7 1.1 0.7 0.7 0.8 0.7 0.9 0.6 0.7 0.5 0.6 
3.8 5.2 3.6 3.7 4.1 3.7 4.9 3.4 3.6 2.8 2.9 
0.7 0.9 0.6 0.7 0.7 0.7 0.9 0.6 0.7 0.5 0.5 
1.9 2.4 1.7 1.8 1.9 1.8 2.5 1.6 1.8 1.4 1.5 
0.3 0.33 0.34 0.32 0.3 0.3 0.41 0.2 0.3 0.25 0.27 
1.7 2 1.6 1.7 1.6 1.6 2.3 1.4 1.6 1.3 1.3 
0.3 0.31 0.23 0.25 0.3 0.2 0.31 0.2 0.2 0.18 0.19 
1.7 0.9 1 1.1 1.4 1.4 1.6 1.2 0.9 0.8 0.8 
100.4 303 434 562 95.5 117.5 440 81.5 423.3 306 364 
 0.1 0.5 0.7   0.2   0.6 1 





McCullough Range Volcanic Field 
Upper Enigma Volcano Tuff of Bridge Spring Peach Spring Tuff 














Hill dacite TBS TBS PST 
60 40 180 50    30.00 < 20 < 20 
30 67 120 115    30.00 6 106 
90 < 30 70 90    70.00 60 60 
1 < 1 1 1    1.00 1 2 
< 5 < 5 6 19    5.00 < 5 7 
< 2 < 2 < 2 < 2    < 2 < 2 < 2 
< 0.5 < 0.5 < 0.5 < 0.5    < 0.5 < 0.5 0.8 
< 0.2 < 0.2 < 0.2 < 0.2    < 0.2 < 0.2 < 0.2 
< 1 < 1 < 1 < 1    1.00 < 1 3 
1.3 < 0.5 0.8 1.7    1.30 0.7 0.5 
0.6 1.4 1.6 1 2.5 1.0 1.6 3.50 2.6 < 0.5 
134 125 139 165 149.3 134.2 114.5 171.00 268 185 
16.9 15.6 17.1 20.4 17.3 15.4 12.8 20.10 30.3 19.9 
55.7 51.3 54.8 66.4 64.9 56.0 45.6 59.60 87 66.20 
9.4 8.8 9.3 10.9 10.9 9.1 7.5 10.60 11.7 11.70 
2.4 2.33 2.29 2.74 2.6 2.2 1.8 1.22 2.87 1.13 
7 6.9 6.4 7.9 7.5 6.3 5.3 7.90 7.3 8.7 
1 0.9 0.9 1.1 1.0 0.8 0.7 1.20 0.9 1.3 
5 5.1 4.6 5.4 5.0 4.1 3.6 6.70 4.7 7.3 
0.9 0.9 0.8 0.9 0.9 0.7 0.7 1.20 0.8 1.4 
2.4 2.4 2.1 2.6 2.2 1.8 1.7 3.50 2.4 3.8 
0.39 0.48 0.35 0.4 0.3 0.3 0.2 0.73 0.48 0.59 
2 2.1 1.8 2.3 1.8 1.5 1.4 3.40 2.4 3.6 
0.29 0.31 0.25 0.32 0.3 0.2 0.2 0.46 0.35 0.55 
1.1 1.1 1.2 1 1.2 0.9 0.9 3.20 1.3 2.3 
60 164 267 237 300.4 471.6 480.9 153.00 38 369 
0.3 0.1 0.3 0.5    0.40 1.3 0.5 





McCullough Range Volcanic Field Miscellaneous Analyses 
Pumice Mine  I-15 Xenolith Precambrian Basement 
11-m56 11-M97B 11-M106 lg84ax 10-MET2 11-M58 
PM South PM North Alkali basalt I-15 Granite 1.7 Ga Amphibolite 1.7-1.4 Ga Granite 
950 470 370 < 20 1200 < 20 
190 59 156 7 137 543 
80 100 80 40 120 110 
2 2 2 2 3 2 
< 5 < 5 < 5 < 5 < 5 < 5 
< 2 < 2 < 2 < 2 < 2 < 2 
0.8 < 0.5 0.5 < 0.5 < 0.5 1.3 
< 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
1 1 1 2 5 5 
< 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
0.9 0.9 1.4 0.7 5.2 1.8 
114 99.7 136 36.7 32.6 215 
14.8 12 16.2 3.62 4.28 23.7 
61.2 46.9 62.20 12.4 19.2 89.3 
11.6 8.7 11.00 2.1 4.9 17 
2.99 2.19 2.69 1.27 1.48 2.69 
8.2 6.4 7.7 1.3 4.7 13.8 
1.1 0.9 1 0.3 0.7 2.2 
5.2 4.4 4.8 2.3 3.7 12 
0.9 0.8 0.9 0.5 0.7 2.4 
2.3 2.2 2.2 1.7 1.8 6.7 
0.3 0.3 0.31 0.27 0.26 0.96 
1.9 1.8 2 1.8 1.7 6 
0.28 0.28 0.29 0.29 0.25 0.91 
0.8 0.6 0.7 0.4 0.6 2.5 
418 76 439 7 276 2010 
0.1 < 0.1 0.1 0.2 0.4 0.9 





Table A4: Whole Rock Isotope Geochemistry from Utah and Nevada (TIMS) 
   
Sample 
Name Unit 87Sr/86Sr1 143Nd/144Nd εNd2 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
Age 
(Ma) 
09-br77 Cedar Grove 0.70611 0.512021 -12.03 17.266 15.445 37.345 0.3 
08-br39 Cove Fort 0.70525 0.512037 -11.72 17.110 15.415 37.238 0.5 





09-br79 Bailey Ridge 0.71080 0.512140 -9.71 17.830 15.510 37.690 0.8 
09-br60 Coyote Hills 0.70768 0.512025 -11.95 17.457 15.474 37.641 2.75 
09-br55 Cudahy Mine 0.70993 0.511973 -12.97 17.315 15.457 37.529 2.65 
09-br52 L Cove Creek 0.70530 0.512115 -10.18 17.613 15.477 37.427 2.55 
09-br50 U Cove Creek 0.70561 0.512305 -6.47 17.796 15.505 37.807 2.5 
08-br32 N Twin Peak 0.70771 0.511969 -13.02 17.437 15.466 37.593 2.43 
08-br35 Burnt Mtn 2 0.70516 0.512176 -8.98 17.550 15.470 37.498 2.2 







br153a Burnt Mtn 3 0.70508 0.512249 -7.56 17.525 15.463 37.394 2.1 
08-br26 BR R 0.70593 0.512204 -8.46 17.075 15.422 36.947 1.5 
br128 BR Th A 0.70499 0.512295 -6.68 17.152 15.445 36.783 1.5 
08-br18 BR Th 0.70471 0.512326 -6.07 17.232 15.448 36.882 1.5 
08-br1 White Mtn 0.70618 0.512116 -10.18 17.291 15.460 37.587 0.4 








08-br24 Kanosh 0.70489 0.512296 -6.66 17.170 15.447 37.061 0.5 
09-br48 Deseret 0.70587 0.512307 -6.46 17.401 15.458 37.517 0.4-0.1 
09-br89 Sunstone Knoll 0.705372 0.512494 -2.81 17.589 15.471 37.589 0.1000 







08-br8 Ice Springs 0.70611 0.512315 -6.30 17.760 15.498 37.762 0.0007 
09-br74 
North Butte 
basalt 0.70868 0.512073 -10.94 18.307 15.594 38.783 6 
09-br46 
N Smelter 
Knolls basalt 0.70886 0.512242 -7.69 18.211 15.588 38.782 6 






























 Table A4 (Continued): 
11-lg4 Hopper 0.70966 0.512363 -5.36 18.816 15.611 38.938 19 
11-lg21 Hopper 0.70942 0.512274 -7.10 18.646 15.597 38.979 19 
11-lg22 Greenie 0.70924 0.512235 -7.86 18.795 15.630 39.228 18 
11-lg18 LG breccia 0.71147 0.512093 -10.63 18.412 15.618 39.392 18 
11-lg9 L. Speckles 0.70944 0.512236 -7.84 18.749 15.621 39.168 18 
3-27-lpm1 McCl 0.71408 0.512182 -8.89 18.786 15.614 39.184 18 
11-lg28 U. Speckles 0.71004 0.512177 -8.99 18.611 15.618 39.252 18 
11-lg26 Josie 0.70896 0.512259 -7.40 18.607 15.606 39.115 18 
11-lg35 Mama 0.70886 0.512246 -7.64 18.641 15.608 39.044 18 
5-3-lpm2 Velcro 0.70941 0.512244 -7.69 18.831 15.636 39.319 16 
11-lg43a Beer Bottle Pass 0.71018 0.512147 -9.57 18.521 15.610 39.222 18 











11-lg6 Lilly 0.71035 0.512148 -9.55 18.531 15.616 39.262 18 
11-M80 Lower Cactus Hill 0.70931 0.512129 -9.92 18.392 15.646 39.135 17.0 
3.16 Pinky-Brown bomb 0.70997 0.512034 -11.77 18.058 15.545 39.070 16.0 
DA-3 McCullough Wash 0.70993 0.512068 -11.12 17.832 15.531 38.619 16.0 
09-m8 McCl-A 0.70890 0.512193 -8.67 18.013 15.534 38.766 16 
2.16 EV bomb 0.71010 0.512029 -11.87 18.790 15.535 38.540 16.0 
5-17-evc1 EV clast 0.71094 0.511970 -13.04 17.704 15.513 38.590 16.0 











2-10-evb2 Cactus Hill dacite 0.70954 0.512077 -10.94 17.795 15.533 38.409 15.6 















11-m79 HV 1 0.706805 0.512460 -3.47 18.280 15.560 38.931 13.5 
Mc83b Mount Hanna 0.708942 0.512172 -9.09 18.481 15.607 38.919 13.1 
Mc83a Mount Sutor 0.710403 0.512106 -10.38 18.092 15.558 38.780 13.1 

















































11-lg27 PST 0.71321 0.512070 -11.08 18.188 15.570 39.078 18.5 
10-MET2 
1.7 Ga 













Granite 0.73459 0.511713 -18.04 17.658 15.529 38.902 1700-1400 





















LGPX1 Pyroxenite 0.708946 0.512297 -6.66 18.450 15.583 38.952 18 
1: 2σ error on initial Sr ratio = ± 0.000005 



















Table A5: Mineral Chemistry of clinopyroxene, orthopyroxene, olivine, and feldspar (EPMA) 
  HBL                                 
Unit cpx1 cpx2-1 cpx2-2 cpx4 cpx5 cpx7-1 cpx8 cpx9-1 cpx10-2 cpx10-3 cpx10-4 cpx10-5 cpx11 cpx12-1 cpx12-2 cpx12-3 cpx13 
   SiO2   46.29 47.77 49.42 48.26 48.99 48.69 45.11 50.57 48.51 50.62 48.01 46.89 42.90 46.39 47.24 48.47 45.85 
   TiO2   1.92 1.70 0.99 1.46 1.30 1.36 2.46 0.64 1.10 0.71 1.08 1.71 3.10 2.22 1.85 1.40 2.25 
   Al2O3  5.96 4.80 4.77 4.31 4.25 4.09 7.51 3.73 5.40 3.20 6.66 6.10 9.36 6.84 5.69 4.37 7.07 
   FeO    7.20 6.35 4.87 5.86 5.18 5.78 7.20 4.65 4.89 4.58 5.03 6.23 8.32 6.91 5.82 6.03 6.87 
   MnO    0.14 0.11 0.05 0.07 0.07 0.09 0.08 0.06 0.03 0.07 0.04 0.04 0.13 0.09 0.13 0.09 0.12 
   MgO    13.94 14.08 15.54 14.92 15.24 15.28 13.22 16.87 15.65 17.11 15.24 14.38 11.88 13.74 14.25 15.06 12.95 
   CaO    23.41 23.56 22.17 23.53 23.44 23.67 23.20 21.36 22.41 21.98 22.34 23.59 23.03 23.55 23.46 23.56 23.08 
   Na2O   0.35 0.35 0.57 0.38 0.38 0.26 0.35 0.55 0.47 0.36 0.53 0.33 0.53 0.38 0.38 0.31 0.42 
   K2O    0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.03 0.00 0.00 0.02 0.01 
   Cr2O3  0.11 0.03 0.83 0.18 0.36 0.18 0.02 0.80 0.74 0.59 0.82 0.31 0.00 0.15 0.02 0.10 0.07 
   P2O5   0.03 0.07 0.01 0.00 0.02 0.04 0.02 0.02 0.01 0.03 0.06 0.02 0.14 0.00 0.00 0.00 0.02 
   F      0.04 0.00 0.12 0.00 0.11 0.32 0.00 0.00 0.13 0.00 0.00 0.17 0.00 0.20 0.00 0.21 0.06 
   Cl     0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
  Total   99.39 98.83 99.35 98.97 99.34 99.79 99.19 99.25 99.35 99.25 99.81 99.79 99.43 100.48 98.84 99.61 98.79 
Wo 0.48 0.49 0.47 0.48 0.48 0.48 0.49 0.44 0.47 0.45 0.47 0.49 0.50 0.49 0.49 0.48 0.50 
En 0.40 0.41 0.45 0.42 0.44 0.43 0.39 0.48 0.45 0.48 0.45 0.41 0.36 0.40 0.41 0.43 0.39 
Fs 0.12 0.10 0.08 0.09 0.08 0.09 0.12 0.07 0.08 0.07 0.08 0.10 0.14 0.11 0.09 0.10 0.12 
Cr# 1 0 10 3 5 3 0 13 8 11 8 3 0 1 0 2 1 
Mg# 78 80 85 82 84 83 77 87 85 87 84 80 72 78 81 82 77 
An                                   
Ab                                   
Or                                   
Fo                                   
Fa                                   




Table A5 (Continued): 
                                    
cpx14-1 cpx14-2 cpx15-2 cpx16 cpx17-1 cpx17-2 cpx18 cpx19 cpx21 cpx22 cpx23 cpx24 cpx26 cpx27 cpx28 cpx29 cpx30 cpx31 
44.08 47.30 49.78 49.78 48.03 45.78 49.57 48.01 48.38 47.43 49.69 46.00 48.32 48.61 48.31 45.42 48.16 49.27 
3.02 1.82 1.05 0.77 1.54 2.47 1.56 1.62 1.48 1.77 0.75 2.20 1.54 1.60 1.65 2.43 1.47 1.29 
8.84 5.32 3.54 3.55 5.01 6.30 4.48 4.80 4.00 5.69 5.68 6.27 4.81 4.91 4.47 6.44 4.41 3.75 
6.95 6.54 5.26 4.45 6.11 7.56 6.30 6.27 6.19 6.49 5.08 6.91 5.97 6.02 6.41 7.55 5.74 5.61 
0.10 0.11 0.08 0.05 0.09 0.13 0.10 0.12 0.10 0.07 0.05 0.14 0.11 0.10 0.13 0.13 0.10 0.10 
12.82 14.50 15.70 16.26 14.80 13.69 15.39 14.95 14.90 14.36 16.46 13.86 15.07 14.98 14.94 13.77 15.23 15.52 
22.95 23.45 23.08 22.37 23.75 23.10 23.75 23.55 23.54 22.46 20.27 22.68 23.16 23.66 23.52 22.74 23.67 23.77 
0.62 0.38 0.40 0.44 0.32 0.42 0.37 0.34 0.33 0.44 0.82 0.54 0.41 0.39 0.31 0.48 0.37 0.33 
0.03 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.02 0.01 0.00 0.03 0.02 0.00 0.00 0.03 0.01 0.02 
0.01 0.01 0.24 1.06 0.06 0.00 0.14 0.05 0.08 0.07 1.03 0.00 0.20 0.05 0.09 0.00 0.14 0.23 
0.06 0.00 0.01 0.01 0.03 0.08 0.06 0.04 0.03 0.02 0.04 0.06 0.02 0.01 0.02 0.15 0.04 0.04 
0.00 0.23 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.10 0.00 0.18 0.00 0.06 0.16 0.00 0.01 0.01 
0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.02 
99.47 99.67 99.15 98.76 99.75 99.54 101.73 99.73 99.04 98.92 99.87 98.89 99.63 100.40 100.02 99.13 99.36 99.95 
0.50 0.48 0.47 0.46 0.48 0.48 0.47 0.48 0.48 0.47 0.43 0.48 0.47 0.48 0.48 0.48 0.48 0.48 
0.39 0.41 0.45 0.47 0.42 0.40 0.43 0.42 0.42 0.42 0.49 0.41 0.43 0.42 0.42 0.40 0.43 0.43 
0.12 0.10 0.08 0.07 0.10 0.12 0.10 0.10 0.10 0.11 0.08 0.11 0.10 0.10 0.10 0.12 0.09 0.09 
0 0 4 17 1 0 2 1 1 1 11 0 3 1 1 0 2 4 
77 80 84 87 81 76 81 81 81 80 85 78 82 82 81 76 83 83 
                                    
                                    
                                    
                                    
                                    




Table A5 (Continued): 
                              
cpx32 cpx33 cpx35-1 cpx35-2 cpx36-1 cpx36-2 cpx37-2 cpx38 olivine1-1 olivine1-2 olivine1-3 olivine1-4 olivine1-5 olivine1-6 olivine1-7 
45.39 48.63 46.58 50.22 49.79 45.22 49.85 45.34 38.68 39.39 39.29 39.55 39.61 39.64 39.25 
2.49 1.52 2.44 1.07 0.90 2.36 0.93 2.50 0.02 0.02 0.00 0.02 0.02 0.00 0.05 
7.10 4.60 8.34 3.02 5.58 7.06 4.11 6.95 0.14 0.05 0.18 0.00 0.01 0.02 0.00 
7.52 6.07 6.66 4.94 5.25 7.26 4.63 7.77 13.53 12.62 11.86 11.86 11.82 11.85 12.26 
0.13 0.10 0.12 0.08 0.06 0.15 0.04 0.14 0.29 0.21 0.18 0.17 0.19 0.19 0.18 
13.18 14.96 13.35 16.03 16.28 13.47 15.98 13.48 48.25 49.11 49.18 49.77 49.42 49.33 49.01 
23.34 23.32 22.78 23.38 20.94 23.30 22.77 22.85 0.25 0.17 0.20 0.17 0.17 0.16 0.18 
0.46 0.34 0.54 0.28 0.77 0.47 0.51 0.50 0.01 0.00 0.03 0.03 0.01 0.03 0.03 
0.00 0.00 0.06 0.01 0.01 0.00 0.00 0.04 0.01 0.00 0.02 0.01 0.02 0.01 0.00 
0.00 0.07 0.00 0.52 0.56 0.02 0.75 0.00 0.04 0.07 0.04 0.05 0.03 0.04 0.03 
0.09 0.03 0.30 0.02 0.01 0.07 0.02 0.13 0.04 0.02 0.02 0.02 0.06 0.01 0.07 
0.01 0.31 0.32 0.00 0.00 0.07 0.21 0.00 0.06 0.15 0.00 0.00 0.00 0.05 0.00 
0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.01 
99.71 99.95 101.52 99.58 100.16 99.45 99.82 99.70 101.31 101.76 101.00 101.64 101.34 101.31 101.06 
0.49 0.48 0.49 0.47 0.44 0.49 0.47 0.48               
0.39 0.43 0.40 0.45 0.47 0.39 0.46 0.39               
0.12 0.10 0.11 0.08 0.09 0.12 0.07 0.13               
0 1 0 10 6 0 11 0               
76 81 78 85 85 77 86 76               
                              
                              
                              
                0.86 0.87 0.88 0.88 0.88 0.88 0.88 
                0.14 0.13 0.12 0.12 0.12 0.12 0.12 




Table A5 (Continued): 
              HBL Xenolith               
olivine1-8 olivine1-9 olivine2 olivine3 olivine4 olivine5 olivine6 cpx1-2 cpx1-3 cpx1-4 cpx2 cpx3 cpx4 cpx5 cpx17-2 
39.49 39.34 39.14 38.70 38.73 38.83 38.77 50.39 48.40 48.22 50.01 50.36 49.09 50.22 50.68 
0.01 0.04 0.00 0.04 0.02 0.00 0.00 0.79 1.35 1.64 0.94 1.11 1.56 0.98 1.20 
0.05 0.11 0.02 0.44 0.03 0.04 0.04 3.22 4.24 4.23 3.58 2.79 3.72 3.19 2.87 
14.06 15.76 14.46 16.87 16.20 16.65 16.38 5.11 6.00 6.50 5.36 5.45 6.55 5.24 5.88 
0.29 0.41 0.32 0.49 0.46 0.43 0.39 0.07 0.08 0.17 0.07 0.09 0.13 0.06 0.10 
47.56 46.48 47.72 45.17 45.68 45.95 46.49 15.81 14.15 14.98 15.01 15.39 14.15 15.55 15.32 
0.20 0.33 0.26 0.44 0.42 0.36 0.22 22.64 23.14 22.29 22.98 23.64 23.30 22.89 23.03 
0.00 0.00 0.01 0.07 0.02 0.01 0.03 0.43 0.41 0.70 0.50 0.32 0.27 0.39 0.35 
0.01 0.01 0.00 0.13 0.01 0.02 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
0.03 0.00 0.04 0.04 0.00 0.00 0.01 0.71 0.50 0.13 0.56 0.24 0.00 0.68 0.14 
0.05 0.03 0.03 0.03 0.08 0.06 0.06 0.02 0.02 0.02 0.03 0.03 0.00 0.01 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.12 0.09 0.03 0.00 0.04 0.00 0.04 
101.75 102.51 102.00 102.43 101.65 102.35 102.40 99.20 98.39 98.99 99.07 99.43 98.82 99.22 99.62 
              0.47 0.49 0.46 0.48 0.48 0.48 0.47 0.47 
              0.45 0.41 0.43 0.43 0.43 0.41 0.45 0.44 
              0.08 0.10 0.11 0.09 0.09 0.11 0.08 0.09 
              13 7 2 9 6 0 13 3 
              85 81 80 83 83 79 84 82 
                              
                              
                              
0.86 0.84 0.85 0.82 0.83 0.83 0.83                 
0.14 0.16 0.14 0.17 0.17 0.17 0.16                 




Table A5 (Continued): 
                                  
cpx17-3 cpx17-4 cpx18-1 cpx18-2 cpx20 cpx21 cpx22-1 cpx22-2 cpx23-1 cpx23-2 cpx24-1 cpx24-2 cpx24-3 cpx25 cpx26 cpx27   
49.54 49.87 49.46 51.27 51.38 51.23 51.51 49.89 53.56 51.38 49.99 50.05 50.88 52.66 50.90 50.68 52.35 
1.35 1.16 1.24 0.74 0.73 0.47 0.82 1.13 0.14 0.63 1.10 1.21 0.97 0.38 0.77 0.90 0.38 
3.69 3.02 3.80 2.42 2.52 2.34 2.21 3.48 2.36 2.69 3.48 3.53 3.01 2.23 2.81 2.81 1.36 
6.44 5.56 5.52 4.17 4.97 5.01 5.08 5.55 4.36 4.73 5.50 5.55 5.34 4.62 5.20 5.28 4.51 
0.10 0.08 0.07 0.03 0.11 0.12 0.09 0.12 0.12 0.07 0.07 0.09 0.09 0.08 0.08 0.12 0.08 
14.67 15.30 14.67 16.10 15.33 15.72 15.93 14.76 15.29 16.03 14.74 14.88 15.16 15.19 15.05 15.24 16.45 
23.25 23.44 23.59 23.02 22.98 23.14 23.51 23.74 21.90 22.39 23.60 23.57 23.24 22.31 23.00 23.67 22.73 
0.38 0.37 0.37 0.42 0.62 0.41 0.29 0.37 1.07 0.36 0.31 0.30 0.32 0.79 0.38 0.33 0.33 
0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.05 0.22 0.40 0.62 0.43 0.50 0.31 0.39 0.48 0.50 0.52 0.43 0.49 0.61 0.58 0.37 0.32 
0.00 0.03 0.02 0.04 0.02 0.01 0.00 0.00 0.03 0.00 0.00 0.02 0.02 0.02 0.01 0.01 0.02 
0.02 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 
0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.05 0.00 0.00 0.00 0.10 0.08 0.00 
99.47 99.09 99.14 98.81 99.10 98.96 99.74 99.53 99.31 98.76 99.36 99.64 99.51 98.90 98.88 99.49 98.54 
0.48 0.48 0.49 0.47 0.48 0.47 0.47 0.49 0.47 0.46 0.49 0.48 0.48 0.47 0.48 0.48 0.46 
0.42 0.43 0.42 0.46 0.44 0.45 0.45 0.42 0.46 0.46 0.42 0.43 0.44 0.45 0.44 0.43 0.47 
0.10 0.09 0.09 0.07 0.08 0.08 0.08 0.09 0.07 0.08 0.09 0.09 0.09 0.08 0.08 0.08 0.07 
1 5 7 15 10 13 9 7 12 11 9 8 10 16 12 8 14 
80 83 83 87 85 85 85 83 86 86 83 83 84 85 84 84 87 
                                  
                                  
                                  
                                  
                                  




Table A5 (Continued): 
                                      
                                cpx6-1 cpx6-2 cpx7 
52.86 52.93 52.35 53.56 53.42 52.39 52.72 52.55 52.27 52.12 53.35 52.05 53.37 52.28 52.64 52.87 51.50 52.05 51.25 
0.50 0.43 0.33 0.07 0.08 0.59 0.55 0.47 0.40 0.32 0.11 0.32 0.14 0.66 0.50 0.47 0.53 0.44 0.65 
0.88 0.93 1.23 2.00 2.05 1.50 1.62 1.05 1.26 1.68 2.24 1.54 2.28 1.42 0.87 1.10 2.41 1.94 2.43 
4.09 4.26 4.51 4.41 4.45 4.62 4.40 4.41 4.29 4.81 4.49 4.69 4.64 4.35 4.18 4.32 5.06 4.86 5.14 
0.09 0.11 0.16 0.08 0.10 0.11 0.10 0.08 0.10 0.05 0.12 0.13 0.10 0.10 0.07 0.11 0.08 0.10 0.07 
17.11 16.90 16.44 15.07 14.90 16.16 16.45 16.41 16.55 16.07 15.21 16.23 15.23 17.09 16.91 16.80 15.42 15.65 15.45 
22.33 22.95 22.85 22.27 21.90 22.94 22.26 23.09 22.83 22.69 21.51 22.75 20.96 21.89 22.31 22.78 23.35 23.76 23.14 
0.34 0.33 0.33 1.02 1.08 0.39 0.63 0.38 0.42 0.47 1.34 0.39 1.26 0.37 0.44 0.39 0.39 0.31 0.40 
0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 
0.63 0.52 0.44 0.45 0.55 0.57 0.61 0.53 0.67 0.73 0.63 0.60 0.67 0.71 0.68 0.36 0.39 0.25 0.36 
0.03 0.03 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.00 0.01 0.03 0.03 0.02 0.01 0.00 0.02 0.04 0.01 
0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 
0.00 0.02 0.00 0.00 0.16 0.09 0.07 0.00 0.00 0.00 0.11 0.00 0.00 0.10 0.00 0.00 0.00 0.05 0.09 
98.87 99.40 98.66 98.95 98.73 99.38 99.41 98.99 98.82 98.95 99.12 98.73 98.71 99.00 98.61 99.22 99.14 99.45 98.99 
0.45 0.46 0.46 0.48 0.47 0.47 0.46 0.47 0.46 0.46 0.47 0.46 0.46 0.45 0.45 0.46 0.48 0.48 0.48 
0.48 0.47 0.46 0.45 0.45 0.46 0.47 0.46 0.47 0.46 0.46 0.46 0.46 0.48 0.48 0.47 0.44 0.44 0.44 
0.06 0.07 0.07 0.07 0.08 0.07 0.07 0.07 0.07 0.08 0.08 0.07 0.08 0.07 0.07 0.07 0.08 0.08 0.08 
33 27 19 13 15 20 20 25 26 23 16 21 16 25 34 18 10 8 9 
88 88 87 86 86 86 87 87 87 86 86 86 85 87 88 87 84 85 84 
                                      
                                      
                                      
                                      
                                      




Table A5 (Continued): 
                  HBU             
cpx8 cpx9-1 cpx9-2 cpx10 cpx11 cpx12 cpx13 cpx14 cpx16 cpx1-4 cpx14-10 cpx8-12 cpx14-8 cpx8-10 cpx12 cpx8-7 
52.16 51.21 51.31 52.83 51.43 51.93 51.30 51.61 51.07 51.52 51.14 49.32 49.06 50.98 51.76 52.23 
0.44 0.75 0.71 0.14 0.37 0.34 0.64 0.60 0.62 0.55 0.69 1.11 1.10 0.68 0.47 0.28 
2.72 2.35 3.03 1.80 2.06 1.85 2.48 2.28 2.63 1.89 2.20 2.01 3.62 1.65 1.55 2.19 
4.85 4.87 4.33 4.72 4.85 4.97 5.02 5.21 5.28 3.67 4.48 5.52 5.70 4.69 3.69 3.92 
0.15 0.09 0.04 0.11 0.11 0.10 0.10 0.11 0.09 0.06 0.07 0.08 0.07 0.10 0.08 0.07 
15.14 15.59 15.88 15.45 15.67 15.54 15.83 15.53 15.27 16.20 15.46 15.12 14.29 15.50 16.46 17.04 
22.61 23.31 22.34 22.84 23.39 23.11 23.08 23.17 23.14 23.00 22.63 23.52 23.06 23.52 23.06 21.26 
0.90 0.37 0.47 0.74 0.40 0.40 0.44 0.44 0.39 0.31 0.36 0.40 0.38 0.25 0.37 0.47 
0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 
0.36 0.40 0.57 0.44 0.50 0.54 0.53 0.60 0.49 0.28 0.50 0.19 0.38 0.22 0.28 0.22 
0.02 0.03 0.05 0.00 0.01 0.03 0.00 0.00 0.01 0.04 0.04 0.07 0.01 0.01 0.01 0.02 
0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.07 0.11 0.20 
0.00 0.09 0.00 0.00 0.00 0.00 0.09 0.04 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
99.34 99.07 98.72 99.08 98.81 98.82 99.50 99.58 99.08 97.54 97.57 97.65 97.67 97.68 97.84 97.93 
0.48 0.48 0.47 0.48 0.48 0.48 0.47 0.47 0.48 0.48 0.47 0.48 0.49 0.48 0.47 0.44 
0.44 0.44 0.46 0.45 0.45 0.44 0.45 0.44 0.44 0.47 0.45 0.43 0.42 0.44 0.47 0.49 
0.08 0.08 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.07 0.09 0.09 0.08 0.06 0.06 
8 10 11 14 14 16 13 15 11 9 13 6 7 8 11 6 
85 85 87 85 85 85 85 84 84 89 86 83 82 85 89 89 
                                
                                
                                
                                
                                




Table A5 (Continued): 
                                  
cpx13-2 cpx8-8 cpx14-9 cpx14-3 cpx1-5 cpx8-4 cpx1-7 cpx14-5 cpx8-2 cpx8-6 cpx10 cpx8-3 cpx9 cpx8-5 cpx14-4 cpx15 cpx14-2 
48.71 53.07 48.41 51.38 51.03 51.37 49.56 49.79 51.15 52.82 47.25 51.40 51.55 52.57 51.36 52.18 51.67 
1.22 0.27 1.31 0.68 0.93 0.66 1.13 0.96 0.74 0.29 1.63 0.70 0.72 0.25 0.67 0.46 0.68 
3.54 1.46 4.24 1.61 2.63 1.66 3.32 2.95 1.70 1.37 4.22 1.93 1.44 1.43 1.73 1.57 1.69 
6.04 4.16 5.92 4.12 4.72 4.40 5.13 5.34 4.37 3.57 7.00 4.38 4.36 4.30 4.52 3.74 4.13 
0.11 0.09 0.08 0.05 0.12 0.10 0.07 0.10 0.04 0.06 0.11 0.07 0.08 0.11 0.08 0.08 0.06 
14.35 17.42 14.05 15.74 15.71 15.73 15.27 14.61 15.81 18.15 14.07 15.87 15.76 17.94 15.80 16.21 15.99 
23.06 20.72 23.27 23.55 22.14 23.59 22.86 23.64 23.58 20.99 23.00 23.08 23.74 20.82 23.65 23.62 23.93 
0.48 0.42 0.36 0.23 0.61 0.26 0.37 0.33 0.25 0.44 0.54 0.26 0.24 0.42 0.23 0.29 0.28 
0.11 0.03 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.01 0.01 0.02 0.01 0.00 0.00 
0.10 0.25 0.29 0.40 0.19 0.28 0.34 0.19 0.39 0.56 0.03 0.33 0.34 0.25 0.34 0.31 0.35 
0.25 0.07 0.04 0.04 0.00 0.00 0.08 0.25 0.05 0.01 0.27 0.01 0.04 0.05 0.03 0.00 0.03 
0.00 0.04 0.04 0.24 0.00 0.09 0.01 0.00 0.18 0.01 0.17 0.24 0.03 0.19 0.00 0.00 0.02 
0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
97.98 98.01 98.02 98.03 98.08 98.14 98.15 98.16 98.27 98.28 98.30 98.30 98.31 98.35 98.40 98.45 98.83 
0.48 0.43 0.49 0.48 0.46 0.48 0.48 0.49 0.48 0.43 0.48 0.47 0.48 0.42 0.48 0.48 0.48 
0.42 0.50 0.41 0.45 0.46 0.45 0.44 0.42 0.45 0.52 0.41 0.45 0.45 0.51 0.45 0.46 0.45 
0.10 0.07 0.10 0.07 0.08 0.07 0.08 0.09 0.07 0.06 0.11 0.07 0.07 0.07 0.07 0.06 0.07 
2 10 4 14 5 10 6 4 13 22 0 10 14 11 12 12 12 
81 88 81 87 86 86 84 83 87 90 78 87 87 88 86 89 87 
                                  
                                  
                                  
                                  
                                  




Table A5 (Continued): 
HBU Xenolith                                 
cpx1-1 cpx1-2 cpx2-1 cpx2-2 cpx3 cpx4 cpx5 cpx6 cpx7-1 cpx7-2 cpx8 cpx9 cpx10 cpx11 cpx12 cpx13-1 cpx13-2 
51.77 48.13 52.24 47.99 52.05 52.65 48.03 52.52 51.65 46.75 52.61 51.80 47.89 51.45 52.51 47.27 50.48 
0.67 1.63 0.48 2.07 0.33 0.42 1.67 0.39 0.79 2.03 0.40 0.54 1.74 0.69 0.47 2.15 0.76 
1.68 4.17 1.51 4.19 1.69 1.40 4.18 1.21 1.86 4.87 1.54 1.62 4.35 1.93 1.43 4.86 2.29 
4.22 6.52 3.55 6.17 4.22 3.66 6.74 3.70 4.30 6.96 3.85 3.60 6.61 4.46 3.51 6.68 4.60 
0.08 0.11 0.07 0.10 0.08 0.13 0.14 0.04 0.05 0.15 0.05 0.05 0.12 0.06 0.06 0.15 0.05 
16.04 14.23 16.48 14.40 17.40 17.05 14.33 16.48 15.97 13.64 16.95 16.35 14.33 16.02 16.93 13.86 15.59 
23.87 23.01 23.83 22.90 21.54 23.13 23.11 23.14 23.75 23.21 22.50 23.80 22.83 23.55 23.47 22.92 24.16 
0.23 0.45 0.30 0.77 0.43 0.35 0.53 0.34 0.36 0.66 0.36 0.28 0.54 0.28 0.36 0.78 0.30 
0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.05 0.04 0.00 0.00 0.01 
0.35 0.07 0.51 0.00 0.58 0.17 0.00 0.20 0.38 0.05 0.29 0.45 0.05 0.37 0.34 0.02 0.53 
0.02 0.02 0.00 0.00 0.02 0.00 0.03 0.03 0.00 0.03 0.03 0.03 0.09 0.01 0.00 0.00 0.01 
0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.15 0.09 0.00 0.10 0.09 0.00 0.04 0.09 0.00 0.00 0.00 0.00 0.00 0.12 0.21 
98.96 98.36 99.12 98.68 98.33 99.07 98.87 98.06 99.15 98.44 98.60 98.52 98.59 98.88 99.08 98.82 99.00 
0.48 0.48 0.48 0.48 0.44 0.47 0.48 0.47 0.48 0.49 0.46 0.48 0.48 0.48 0.47 0.48 0.49 
0.45 0.41 0.46 0.42 0.49 0.48 0.41 0.47 0.45 0.40 0.48 0.46 0.42 0.45 0.47 0.41 0.44 
0.07 0.11 0.06 0.10 0.07 0.06 0.11 0.06 0.07 0.11 0.06 0.06 0.11 0.07 0.06 0.11 0.07 
12 1 18 0 19 8 0 10 12 1 11 16 1 11 14 0 13 
87 80 89 81 88 89 79 89 87 78 89 89 79 86 90 79 86 
                                  
                                  
                                  
                                  
                                  




Table A5 (Continued): 
                                      
cpx13-3 cpx13-4 cpx14 cpx15                               
52.64 52.69 50.69 52.71 52.59 52.62 52.23 51.81 52.27 52.80 52.23 52.71 52.15 52.25 52.22 52.50 52.45 52.28 52.03 
0.37 0.52 0.85 0.45 0.42 0.45 0.56 0.65 0.59 0.47 0.44 0.45 0.52 0.40 0.57 0.39 0.36 0.36 0.37 
1.64 1.47 2.42 1.48 1.49 1.30 1.60 1.89 1.72 1.32 1.41 1.32 1.61 1.67 1.57 1.56 1.89 1.72 2.29 
3.71 3.52 4.50 3.56 3.59 3.52 3.68 4.05 3.71 3.56 3.26 3.57 3.75 3.51 3.89 3.50 3.44 3.54 3.61 
0.08 0.10 0.02 0.07 0.06 0.03 0.04 0.06 0.11 0.07 0.05 0.06 0.06 0.05 0.06 0.11 0.07 0.08 0.04 
17.31 16.55 15.33 16.90 16.79 16.78 16.51 16.39 16.32 17.00 16.68 16.92 16.72 16.68 16.43 16.59 16.73 16.54 16.38 
22.83 23.51 23.71 23.69 23.12 24.06 23.32 23.45 23.65 23.90 23.99 23.86 23.86 23.52 24.11 24.10 23.92 24.06 23.87 
0.34 0.30 0.28 0.30 0.29 0.26 0.29 0.30 0.29 0.25 0.21 0.23 0.27 0.23 0.21 0.24 0.24 0.22 0.23 
0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.19 0.30 0.53 0.25 0.15 0.20 0.41 0.38 0.08 0.12 0.10 0.04 0.30 0.11 0.07 0.02 0.02 0.02 0.02 
0.03 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.00 0.01 0.03 0.02 0.01 0.01 0.02 0.03 0.01 
0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 
0.00 0.00 0.00 0.00 0.16 0.00 0.12 0.09 0.00 0.08 0.00 0.07 0.04 0.00 0.00 0.13 0.00 0.12 0.00 
99.15 98.96 98.34 99.43 98.68 99.23 98.79 99.10 98.78 99.58 98.39 99.25 99.31 98.44 99.14 99.17 99.15 98.97 98.84 
0.46 0.48 0.49 0.47 0.47 0.48 0.47 0.47 0.48 0.47 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48 
0.48 0.47 0.44 0.47 0.47 0.47 0.47 0.46 0.46 0.47 0.47 0.47 0.46 0.47 0.46 0.46 0.47 0.46 0.46 
0.06 0.06 0.07 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.05 0.05 0.06 0.06 
7 12 13 10 6 9 15 12 3 6 5 2 11 4 3 1 1 1 1 
89 89 86 89 89 89 89 88 89 89 90 89 89 89 88 89 90 89 89 
                                      
                                      
                                      
                                      
                                      




Table A5 (Continued): 
                  Josie                 
                  cpx1-1 cpx1-2 cpx1-3 cpx1-4 cpx2 cpx3-1 cpx3-2 cpx4-1 cpx4-2 
52.28 52.47 52.49 52.30 52.12 52.38 52.28 52.48 52.54 48.37 51.98 52.02 51.73 51.46 46.91 53.07 51.83 51.82 
0.34 0.48 0.40 0.43 0.50 0.42 0.40 0.42 0.42 1.16 0.52 0.52 0.55 0.41 1.67 0.51 0.40 0.46 
2.39 1.15 1.54 1.73 1.65 1.97 1.68 1.36 1.44 5.00 2.05 2.10 2.11 3.19 6.43 1.81 2.61 3.10 
3.78 3.88 3.55 3.65 3.70 3.59 3.58 3.68 3.57 7.14 4.84 4.84 4.85 4.61 7.74 4.29 4.42 4.51 
0.07 0.07 0.09 0.04 0.04 0.09 0.07 0.07 0.07 0.12 0.14 0.12 0.11 0.05 0.16 0.12 0.07 0.09 
16.49 16.73 16.83 16.55 16.59 16.80 16.63 16.79 16.75 14.95 17.18 17.29 17.18 17.14 14.35 18.04 17.78 17.25 
22.91 23.41 23.55 23.83 23.54 23.43 24.02 23.84 23.51 22.36 23.06 22.94 22.87 22.04 22.22 22.78 21.70 22.39 
0.42 0.24 0.28 0.26 0.32 0.24 0.25 0.27 0.34 0.49 0.34 0.34 0.30 0.60 0.52 0.32 0.55 0.53 
0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.04 0.01 0.02 0.03 0.01 0.02 0.01 0.00 0.01 
0.01 0.25 0.09 0.04 0.44 0.03 0.07 0.23 0.26 0.11 0.43 0.40 0.30 1.09 0.23 0.45 0.82 0.89 
0.01 0.01 0.04 0.02 0.04 0.02 0.02 0.01 0.00 0.06 0.02 0.00 0.01 0.00 0.01 0.02 0.03 0.00 
0.01 0.00 0.01 0.02 0.00 0.00 0.01 0.00 0.01 0.01 0.02 0.02 0.01 0.00 0.01 0.00 0.00 0.01 
0.08 0.00 0.02 0.08 0.14 0.00 0.01 0.00 0.04 0.06 0.00 0.00 0.00 0.13 0.05 0.01 0.00 0.00 
98.79 98.69 98.90 98.96 99.08 98.99 99.01 99.16 98.95 99.86 100.59 100.62 100.05 100.74 100.32 101.43 100.22 101.05 
0.47 0.47 0.47 0.48 0.48 0.47 0.48 0.48 0.47 0.46 0.45 0.45 0.45 0.45 0.46 0.44 0.43 0.45 
0.47 0.47 0.47 0.46 0.47 0.47 0.46 0.47 0.47 0.43 0.47 0.47 0.47 0.48 0.41 0.49 0.50 0.48 
0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.11 0.07 0.07 0.07 0.07 0.13 0.07 0.07 0.07 
0 13 4 1 15 1 3 10 11 1 12 11 9 19 2 14 17 16 
89 88 89 89 89 89 89 89 89 79 86 86 86 87 77 88 88 87 
                                    
                                    
                                    
                                    
                                    




Table A5 (Continued): 
                                
cpx4-3 cpx4-4 cpx4-5 cpx4-6 cpx4-7 cpx5 cpx6 cpx7 cpx8 cpx9 cpx10 cpx11 cpx12-1 cpx12-2 cpx12-3 cpx12-4 
51.42 51.81 51.77 51.59 48.48 51.25 51.74 51.13 51.63 51.65 51.33 48.45 51.31 52.43 51.65 52.31 
0.49 0.37 0.41 0.46 1.32 0.58 0.33 0.48 0.64 0.56 0.68 1.26 0.83 0.47 0.46 0.39 
3.01 2.86 2.68 2.94 5.10 3.23 3.35 3.18 2.06 2.05 2.35 4.70 2.48 1.88 2.50 2.63 
4.75 4.53 4.41 4.38 6.43 4.50 4.73 4.89 5.28 4.84 5.62 6.30 5.91 4.49 4.34 4.22 
0.08 0.07 0.07 0.06 0.11 0.06 0.08 0.06 0.12 0.12 0.12 0.06 0.14 0.09 0.08 0.08 
17.10 17.54 17.44 16.97 14.97 16.97 17.69 17.26 17.01 17.15 17.07 14.78 17.00 17.53 17.08 17.54 
21.48 21.00 22.27 22.16 23.01 22.42 20.78 21.48 23.08 22.77 23.30 22.98 22.57 23.10 22.50 22.16 
0.57 0.57 0.51 0.52 0.46 0.46 0.64 0.60 0.32 0.28 0.26 0.42 0.31 0.30 0.54 0.57 
0.06 0.06 0.00 0.02 0.01 0.00 0.00 0.02 0.02 0.01 0.02 0.05 0.02 0.01 0.01 0.01 
0.87 0.83 0.96 0.93 0.42 0.81 1.03 1.28 0.31 0.36 0.22 0.45 0.14 0.50 0.89 0.95 
0.02 0.00 0.00 0.00 0.00 0.02 0.01 0.02 0.01 0.01 0.03 0.03 0.03 0.01 0.01 0.01 
0.01 0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.02 0.01 0.02 0.02 
0.00 0.04 0.00 0.00 0.00 0.11 0.13 0.01 0.16 0.08 0.06 0.06 0.00 0.01 0.08 0.00 
99.88 99.72 100.52 100.05 100.30 100.42 100.52 100.43 100.66 99.90 101.06 99.56 100.75 100.83 100.16 100.89 
0.44 0.43 0.45 0.45 0.47 0.45 0.42 0.44 0.45 0.45 0.45 0.47 0.44 0.45 0.45 0.44 
0.49 0.50 0.49 0.48 0.43 0.48 0.50 0.49 0.47 0.47 0.46 0.42 0.47 0.48 0.48 0.49 
0.08 0.07 0.07 0.07 0.10 0.07 0.08 0.08 0.08 0.07 0.09 0.10 0.09 0.07 0.07 0.07 
16 16 19 18 5 14 17 21 9 11 6 6 4 15 19 19 
87 87 88 87 81 87 87 86 85 86 84 81 84 87 88 88 
                                
                                
                                
                                
                                




Table A5 (Continued): 
                                
cpx12-5 cpx12-6 cpx13 cpx14 cpx15 cpx16 cpx17 cpx18 cpx19 cpx20 cpx21 cpx22-1 cpx22-2 cpx22-3 cpx22-4 cpx22-5 
51.56 48.91 51.17 52.41 51.78 51.78 48.20 52.65 49.20 52.43 51.49 50.45 52.02 52.45 51.94 49.19 
0.51 1.33 0.76 0.54 0.50 0.46 1.42 0.46 1.19 0.54 0.58 0.76 0.38 0.37 0.37 1.17 
2.66 5.14 2.61 1.93 2.97 2.44 4.68 1.76 4.11 1.84 2.45 3.45 2.89 2.10 3.00 4.51 
4.60 6.80 5.96 4.72 4.45 4.17 6.87 4.68 7.60 4.64 4.64 4.77 4.62 4.62 4.64 6.45 
0.10 0.10 0.13 0.12 0.05 0.06 0.19 0.11 0.17 0.11 0.10 0.05 0.08 0.12 0.09 0.13 
17.13 15.01 16.74 17.48 17.20 16.12 14.93 17.78 15.72 17.52 16.80 16.17 17.67 17.62 18.09 15.46 
23.11 23.12 22.87 23.24 22.55 23.21 22.54 23.26 22.30 23.22 23.45 22.72 21.38 21.94 20.31 22.98 
0.54 0.41 0.30 0.29 0.56 0.39 0.58 0.36 0.36 0.29 0.30 0.40 0.54 0.36 0.70 0.46 
0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 
0.78 0.13 0.22 0.39 0.99 0.79 0.01 0.49 0.00 0.46 0.38 0.75 0.80 0.11 1.19 0.33 
0.01 0.02 0.03 0.02 0.02 0.02 0.01 0.00 0.03 0.01 0.04 0.00 0.03 0.02 0.01 0.02 
0.01 0.01 0.01 0.02 0.01 0.02 0.03 0.00 0.00 0.02 0.01 0.01 0.00 0.01 0.00 0.02 
0.19 0.00 0.00 0.00 0.05 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
101.20 101.01 100.79 101.15 101.13 99.49 99.64 101.56 100.70 101.08 100.24 99.53 100.43 99.73 100.35 100.73 
0.46 0.47 0.45 0.45 0.45 0.47 0.46 0.45 0.45 0.45 0.46 0.46 0.43 0.44 0.41 0.46 
0.47 0.42 0.46 0.47 0.48 0.46 0.43 0.48 0.44 0.48 0.46 0.46 0.50 0.49 0.51 0.43 
0.07 0.11 0.09 0.07 0.07 0.07 0.11 0.07 0.12 0.07 0.07 0.08 0.07 0.07 0.07 0.10 
16 2 5 12 18 18 0 16 0 14 9 13 16 3 21 5 
87 80 83 87 87 87 79 87 79 87 87 86 87 87 87 81 
                                
                                
                                
                                
                                




Table A5 (Continued): 
                      McCl   
olivine1-1 olivine1-2 olivine1-3 olivine1-4 olivine2-1 olivine2-2 olivine2-3 olivine2-4 olivine3 olivine4 olivine5 cpx3 plag1-6 
40.21 40.99 40.14 39.80 39.58 40.01 40.61 40.75 38.98 40.68 39.80 45.97 63.52 
0.07 0.03 0.01 0.04 0.02 0.03 0.04 0.02 0.04 0.03 0.11 2.49 0.33 
0.19 0.12 0.04 0.15 0.16 0.06 0.10 0.04 0.31 0.01 0.74 6.00 19.10 
13.18 13.04 13.30 13.21 13.20 13.29 13.36 13.58 12.77 13.23 12.74 7.78 0.58 
0.46 0.47 0.45 0.50 0.45 0.47 0.42 0.47 0.44 0.42 0.42 0.26 0.00 
48.40 48.26 48.78 47.07 46.57 47.50 48.70 48.51 45.83 49.10 44.46 12.22 0.02 
0.26 0.24 0.17 0.26 0.28 0.25 0.23 0.20 0.33 0.17 0.64 22.03 1.23 
0.07 0.05 0.04 0.08 0.08 0.08 0.07 0.05 0.11 0.02 0.26 0.79 5.11 
0.05 0.02 0.01 0.03 0.05 0.03 0.02 0.01 0.07 0.00 0.16 0.03 8.54 
0.00 0.02 0.00 0.01 0.02 0.00 0.02 0.02 0.00 0.03 0.02 0.00 0.00 
0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.04 0.04 0.01 0.07 0.07 0.00 
0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.03 0.01 0.04 0.08 0.00 
0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.04 0.00 0.13 0.07 0.00 0.00 
102.93 103.28 102.97 101.17 100.51 101.78 103.60 103.73 98.94 103.85 99.51 97.72 98.52 
                      0.49   
                      0.38   
                      0.13   
                      0   
                      74   
                        0.06 
                        0.45 
                        0.49 
0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.87 0.86     
0.13 0.13 0.13 0.14 0.14 0.14 0.13 0.14 0.13 0.13 0.14     




Table A5 (Continued): 
                            
plag2-1 plag2-2 plag5-2 plag5-8 plag5-9 plag5-11 plag5-12 plag5-13 plag5-14 plag8-2 mtx-plag1 mtx-plag1 mtx-plag2 mtx-plag3 
65.86 63.93 60.19 55.46 63.26 64.28 64.22 64.56 63.51 53.79 63.25 64.03 64.40 63.13 
0.14 0.28 0.23 0.08 0.03 0.02 0.00 0.00 0.00 0.10 0.33 0.28 0.38 0.31 
19.14 20.51 22.93 26.69 21.19 19.19 18.84 19.12 20.21 27.02 20.45 19.97 20.12 20.85 
0.84 0.76 0.90 0.64 0.22 0.19 0.03 0.06 0.12 0.68 0.74 0.59 0.63 0.71 
0.01 0.00 0.01 0.01 0.00 0.01 0.02 0.01 0.01 0.01 0.00 0.01 0.02 0.01 
0.03 0.06 0.21 0.06 0.04 0.03 0.04 0.01 0.03 0.05 0.14 0.00 0.03 0.17 
0.85 2.42 4.90 8.82 2.68 0.35 0.03 0.38 1.37 9.55 2.05 1.37 1.72 2.66 
6.61 6.69 6.71 4.01 0.74 0.33 0.15 0.19 0.61 4.95 5.68 5.60 6.22 6.41 
6.15 4.41 2.17 2.33 10.46 13.45 14.51 13.87 11.60 1.20 6.20 7.64 6.02 4.61 
0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.05 0.00 0.00 0.02 0.01 0.00 0.01 0.02 0.10 0.07 0.09 0.05 0.07 
0.04 0.00 0.11 0.17 0.00 0.20 0.01 0.12 0.00 0.03 0.15 0.03 0.13 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 
99.64 99.11 98.40 98.22 98.66 98.08 97.85 98.38 97.50 97.54 99.16 99.59 99.68 98.93 
                            
                            
                            
                            
                            
0.04 0.12 0.25 0.47 0.16 0.02 0.00 0.02 0.08 0.48 0.10 0.07 0.09 0.13 
0.59 0.61 0.62 0.39 0.08 0.04 0.01 0.02 0.07 0.45 0.52 0.49 0.56 0.59 
0.36 0.27 0.13 0.15 0.76 0.94 0.98 0.96 0.85 0.07 0.37 0.44 0.36 0.28 
                            
                            




Table A5 (Continued): 
Upper Speckles                               
cpx1-1 cpx1-2 cpx1-3 cpx1-4 cpx1-5 cpx1-6 cpx1-8 cpx1-9 cpx1-11 cpx1-12 cpx1-13 cpx1-14 cpx1-16 cpx1-17 cpx1-18 cpx1-19 
49.26 49.85 49.00 49.56 50.11 49.61 50.01 48.98 49.84 49.93 50.72 49.78 49.44 50.05 50.23 50.00 
1.14 1.02 1.29 1.11 0.96 0.99 0.96 1.19 0.98 1.08 1.07 0.97 1.03 0.93 0.91 1.02 
3.70 3.37 4.18 3.71 3.33 3.70 3.38 4.05 3.59 3.62 3.77 3.56 3.51 3.43 3.09 3.71 
7.03 6.85 7.27 6.93 6.82 7.15 6.68 6.75 7.22 6.99 7.10 6.78 6.95 6.85 6.55 7.04 
0.24 0.23 0.23 0.19 0.26 0.22 0.22 0.19 0.20 0.24 0.24 0.23 0.27 0.23 0.26 0.24 
14.62 14.98 14.31 14.55 14.89 14.77 14.62 14.20 14.61 14.42 15.01 14.66 14.57 14.19 14.87 14.57 
21.86 21.93 21.84 21.91 21.81 21.68 21.95 22.03 21.76 21.38 22.27 21.93 21.95 22.01 21.94 21.47 
0.61 0.57 0.62 0.54 0.53 0.67 0.59 0.59 0.61 0.63 0.53 0.59 0.58 0.56 0.53 0.70 
0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.00 0.01 
0.00 0.00 0.00 0.00 0.02 0.01 0.02 0.02 0.02 0.04 0.00 0.01 0.02 0.03 0.03 0.00 
0.00 0.02 0.00 0.02 0.02 0.04 0.03 0.03 0.00 0.00 0.06 0.00 0.00 0.03 0.00 0.03 
0.14 0.13 0.12 0.00 0.00 0.40 0.21 0.00 0.19 0.00 0.00 0.21 0.15 0.00 0.13 0.00 
0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
98.60 98.94 98.87 98.53 98.75 99.24 98.68 98.05 99.05 98.34 100.79 98.73 98.47 98.32 98.55 98.80 
0.46 0.46 0.46 0.46 0.46 0.45 0.46 0.47 0.46 0.46 0.46 0.46 0.46 0.47 0.46 0.45 
0.43 0.43 0.42 0.43 0.43 0.43 0.43 0.42 0.43 0.43 0.43 0.43 0.43 0.42 0.43 0.43 
0.12 0.11 0.12 0.11 0.11 0.12 0.11 0.11 0.12 0.12 0.11 0.11 0.11 0.11 0.11 0.12 
0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 
79 80 78 79 80 79 80 79 78 79 79 79 79 79 80 79 
                                
                                
                                
                                
                                




Table A5 (Continued): 
                              
cpx1-20 cpx1-21 cpx1-22 cpx1-23 cpx1-24 cpx1-25 cpx1-26 cpx1-27 cpx2-1 cpx2-3 cpx2-4 cpx2-5 cpx2-6 cpx2-7 cpx2-8 
50.13 49.93 50.19 50.31 49.57 49.59 49.63 49.36 49.94 49.40 50.86 50.07 51.11 50.65 51.22 
1.09 0.97 0.93 0.96 1.10 1.07 1.15 1.17 0.99 0.91 0.36 0.58 0.74 0.60 0.46 
3.74 3.44 3.06 3.42 3.86 3.44 3.62 3.70 3.13 3.78 3.30 4.41 4.14 3.89 2.71 
6.90 6.85 6.58 6.90 7.06 6.81 6.93 6.94 6.62 6.58 4.67 5.88 5.99 5.67 5.56 
0.25 0.24 0.24 0.27 0.23 0.23 0.23 0.24 0.24 0.17 0.05 0.15 0.17 0.10 0.15 
14.27 14.81 14.65 14.99 14.50 14.54 14.51 14.35 14.81 14.42 16.18 15.11 15.47 15.14 15.66 
21.40 21.64 22.11 21.93 21.86 21.82 21.55 21.74 21.62 21.93 21.22 20.98 21.83 21.57 21.40 
0.66 0.51 0.54 0.60 0.57 0.54 0.63 0.63 0.63 0.65 0.63 0.73 0.74 0.76 0.74 
0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.02 0.01 0.00 0.00 0.02 0.00 0.00 0.00 
0.02 0.03 0.02 0.00 0.03 0.00 0.00 0.00 0.01 0.51 1.10 0.19 0.13 0.16 0.39 
0.00 0.02 0.02 0.01 0.04 0.01 0.02 0.05 0.02 0.01 0.05 0.03 0.03 0.01 0.00 
0.03 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.16 0.00 0.10 0.00 0.20 
0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
98.52 98.50 98.33 99.39 98.83 98.05 98.28 98.21 98.02 98.37 98.59 98.17 100.45 98.56 98.50 
0.46 0.45 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.47 0.45 0.45 0.45 0.46 0.45 
0.43 0.43 0.43 0.43 0.42 0.43 0.43 0.42 0.43 0.43 0.48 0.45 0.45 0.45 0.46 
0.12 0.11 0.11 0.11 0.12 0.11 0.11 0.11 0.11 0.11 0.08 0.10 0.10 0.09 0.09 
0 1 0 0 0 0 0 0 0 8 18 3 2 3 9 
79 79 80 79 79 79 79 79 80 80 86 82 82 83 83 
                              
                              
                              
                              
                              




Table A5 (Continued): 
                              
cpx2-9 cpx2-10 cpx2-11 cpx2-12 cpx2-13 cpx2-14 cpx2-15 cpx3-3 cpx4-1 cpx4-2 cpx4-3 cpx5 plag1-1 plag4-1 plag4-4 
50.90 50.34 51.26 51.03 49.33 49.08 49.54 50.21 50.08 50.79 50.42 49.48 63.96 63.59 55.62 
0.52 0.75 0.38 0.47 1.13 1.11 1.28 1.01 0.70 0.58 0.92 1.60 0.30 0.29 0.07 
3.41 4.24 3.20 3.48 4.06 3.53 3.40 3.14 3.37 3.23 2.90 3.52 19.26 18.87 26.17 
5.50 6.04 5.10 5.12 7.15 6.89 6.77 6.39 6.12 6.53 6.35 7.16 0.64 1.08 0.86 
0.12 0.12 0.05 0.10 0.20 0.25 0.26 0.22 0.19 0.17 0.25 0.32 0.01 0.01 0.01 
15.44 15.12 16.18 15.80 14.44 14.64 14.22 14.89 15.31 14.98 15.03 14.71 0.03 0.83 0.07 
21.22 21.47 20.72 21.00 21.55 21.71 21.80 22.02 21.90 20.01 22.12 21.28 1.02 1.37 8.49 
0.76 0.65 0.59 0.64 0.61 0.69 0.70 0.57 0.62 1.08 0.57 0.75 4.68 5.44 5.38 
0.00 0.01 0.01 0.01 0.00 0.00 0.07 0.02 0.00 0.01 0.00 0.07 8.64 6.61 1.35 
0.47 0.14 1.10 0.82 0.06 0.00 0.00 0.00 0.20 0.90 0.00 0.00 0.00 0.00 0.01 
0.03 0.00 0.03 0.03 0.00 0.04 0.06 0.04 0.01 0.03 0.05 0.06 0.20 0.03 0.04 
0.19 0.00 0.42 0.15 0.43 0.25 0.00 0.00 0.00 0.24 0.00 0.00 0.02 0.07 0.00 
0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 
98.56 98.89 99.03 98.66 98.95 98.18 98.10 98.53 98.50 98.55 98.62 98.94 98.77 98.21 98.17 
0.45 0.45 0.44 0.45 0.46 0.46 0.46 0.46 0.46 0.44 0.46 0.45       
0.46 0.45 0.48 0.47 0.43 0.43 0.42 0.43 0.44 0.45 0.44 0.43       
0.09 0.10 0.08 0.09 0.12 0.11 0.11 0.10 0.10 0.11 0.10 0.12       
8 2 19 14 1 0 0 0 4 16 0 0       
83 82 85 85 78 79 79 81 82 80 81 79       
                        0.05 0.07 0.43 
                        0.43 0.52 0.49 
                        0.52 0.41 0.08 
                              
                              




Table A5 (Continued): 
                              
plag4-6 plag4-7 plag4-8 plag4-9 plag5-2 plag5-3 plag7-1 plag7-2 plag7-4 plag7-6 plag8-1 plag8-2 plag8-3 plag8-5 plag8-6 
54.52 55.21 56.41 56.13 56.56 58.33 64.88 63.58 56.65 64.41 62.62 57.59 56.47 55.40 55.85 
0.03 0.07 0.11 0.08 0.08 0.11 0.41 0.25 0.11 0.33 0.31 0.11 0.15 0.09 0.09 
26.92 26.45 25.64 25.87 24.88 23.98 18.53 19.31 25.50 18.68 20.14 24.50 25.34 25.98 26.06 
0.78 0.79 0.85 0.79 0.76 0.82 0.80 0.60 0.74 0.83 0.86 0.75 0.96 0.83 0.80 
0.00 0.00 0.00 0.00 0.02 0.00 0.03 0.02 0.00 0.02 0.02 0.00 0.02 0.06 0.01 
0.08 0.05 0.17 0.07 0.30 0.05 0.00 0.00 0.05 0.09 0.45 0.03 0.07 0.24 0.05 
9.76 9.18 8.46 8.21 7.54 5.82 0.38 1.00 7.76 0.70 2.12 6.75 7.68 8.52 8.68 
4.71 5.04 5.46 5.45 5.53 6.02 5.34 4.42 5.43 4.96 6.33 6.01 6.13 5.25 5.34 
1.01 1.08 1.38 1.38 1.73 2.23 8.94 8.86 1.55 8.83 4.80 1.92 0.83 1.31 1.25 
0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.01 0.02 0.00 0.01 
0.07 0.00 0.02 0.03 0.01 0.04 0.04 0.03 0.02 0.03 0.03 0.05 0.05 0.00 0.02 
0.00 0.09 0.30 0.00 0.05 0.13 0.21 0.01 0.03 0.00 0.00 0.21 0.04 0.20 0.22 
0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
97.88 97.94 98.67 98.07 97.52 97.51 99.55 98.09 97.87 98.97 97.67 97.84 97.74 97.81 98.30 
                              
                              
                              
                              
                              
0.50 0.47 0.42 0.42 0.38 0.30 0.02 0.05 0.40 0.03 0.11 0.34 0.39 0.44 0.44 
0.44 0.47 0.49 0.50 0.51 0.56 0.47 0.41 0.51 0.44 0.59 0.55 0.56 0.49 0.49 
0.06 0.07 0.08 0.08 0.10 0.14 0.51 0.54 0.09 0.52 0.30 0.12 0.05 0.08 0.08 
                              
                              




Table A5 (Continued): 
                        
plag8-7 plag8-10 plag8-13 plag14 mtx-plag1 mtx-plag2 mtx-plag3 mtx-plag4 mtx-plag5 mtx-plag7 mtx-plag8 mtx-plag9 
55.08 56.15 63.02 55.63 64.45 63.90 64.94 64.42 64.99 64.63 65.79 64.46 
0.08 0.09 0.29 0.10 0.37 0.86 0.41 0.36 0.48 0.29 0.33 0.58 
26.47 26.04 19.13 26.34 19.16 18.78 18.53 18.36 19.04 19.48 18.47 17.04 
0.82 0.79 0.76 0.79 0.85 0.89 0.82 0.84 0.83 0.60 0.85 2.18 
0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.02 
0.09 0.08 0.61 0.04 0.02 0.03 0.01 0.21 0.01 0.01 0.24 0.48 
9.03 8.35 1.03 8.68 0.94 0.41 0.40 0.59 0.69 1.00 0.30 1.07 
5.24 5.64 5.42 5.38 5.99 5.20 5.17 5.04 5.53 5.72 6.08 5.58 
1.10 1.22 7.60 1.26 7.31 8.44 8.80 9.04 8.27 7.75 7.84 8.33 
0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.00 0.00 
0.06 0.02 0.05 0.04 0.04 0.06 0.00 0.02 0.10 0.02 0.04 0.00 
0.16 0.00 0.08 0.00 0.00 0.16 0.29 0.00 0.00 0.04 0.00 0.14 
0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 
98.07 98.37 97.99 98.31 99.14 98.68 99.26 98.97 100.02 99.55 99.94 99.95 
                        
                        
                        
                        
                        
0.46 0.42 0.05 0.44 0.05 0.02 0.02 0.03 0.03 0.05 0.01 0.05 
0.48 0.51 0.49 0.49 0.53 0.47 0.46 0.45 0.49 0.50 0.53 0.48 
0.07 0.07 0.46 0.08 0.43 0.51 0.52 0.53 0.48 0.45 0.45 0.47 
                        
                        




Table A5 (Continued): 
Beer Bottle Pass                             
cpx1 cpx5 cpx6-1 cpx6-2 cpx6-3 cpx6-4 cpx6-5 cpx2-1 cpx2-2 cpx3-1 cpx3-2 cpx4 mtx-cpx1 mtx-cpx2 cpx7-1 
50.53 49.37 50.99 51.99 52.46 51.21 50.59 50.83 49.96 50.03 50.10 50.88 52.21 52.37 52.12 
0.70 1.54 0.57 0.35 0.36 0.54 0.70 0.58 0.68 0.76 0.84 0.67 0.46 0.41 0.33 
3.75 4.29 3.13 2.68 2.25 2.66 3.40 3.35 3.63 3.78 4.00 2.72 1.96 1.90 2.56 
8.37 5.08 6.25 5.28 5.18 7.99 7.48 8.02 8.28 8.15 8.89 8.77 6.40 5.66 4.92 
0.17 0.15 0.14 0.13 0.10 0.22 0.18 0.19 0.18 0.20 0.19 0.23 0.16 0.15 0.13 
14.97 15.56 15.87 17.63 17.02 15.89 15.35 15.26 15.13 14.53 14.53 14.74 17.12 17.15 17.18 
20.92 23.22 21.46 19.91 22.08 20.88 21.02 21.34 20.51 21.23 21.14 21.23 21.18 21.44 21.81 
0.46 0.42 0.31 0.41 0.37 0.36 0.37 0.49 0.50 0.48 0.54 0.48 0.26 0.28 0.45 
0.01 0.00 0.01 0.02 0.00 0.01 0.04 0.01 0.13 0.00 0.02 0.01 0.00 0.02 0.00 
0.10 0.05 0.31 0.42 0.24 0.00 0.11 0.08 0.04 0.11 0.05 0.00 0.13 0.36 0.59 
0.02 0.02 0.00 0.01 0.03 0.04 0.00 0.00 0.00 0.08 0.00 0.02 0.00 0.00 0.00 
0.00 0.26 0.23 0.10 0.00 0.00 0.14 0.11 0.42 0.01 0.00 0.00 0.22 0.12 0.00 
0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 
99.98 99.97 99.25 98.92 100.09 99.81 99.40 100.27 99.48 99.37 100.29 99.77 100.10 99.84 100.09 
0.43 0.48 0.44 0.41 0.44 0.42 0.44 0.44 0.43 0.44 0.44 0.44 0.42 0.43 0.44 
0.43 0.44 0.46 0.51 0.48 0.45 0.44 0.43 0.44 0.42 0.42 0.42 0.48 0.48 0.48 
0.14 0.08 0.10 0.08 0.08 0.13 0.12 0.13 0.13 0.13 0.14 0.14 0.10 0.09 0.08 
2 1 6 10 7 0 2 2 1 2 1 0 4 11 13 
76 85 82 86 85 78 79 77 76 76 74 75 83 84 86 
                              
                              
                              
                              
                              




Table A5 (Continued): 
                                  
cpx7-2 cpx7-3 cpx7-4 cpx2 cpx8 cpx9 cpx10 cpx11 cpx4-1 cpx4-2 cpx4-3 cpx4-4 cpx4-5 cpx4-6 cpx4-7 cpx4-8 cpx4-9 
51.90 51.95 50.16 51.39 50.56 50.37 51.58 52.02 51.24 51.89 51.99 51.04 51.29 52.27 51.19 52.54 51.41 
0.33 0.41 0.75 0.42 0.64 0.66 0.43 0.24 0.62 0.51 0.41 0.73 0.81 0.38 0.79 0.66 0.75 
2.63 2.56 3.74 3.28 3.31 3.17 2.93 1.32 3.05 2.55 2.14 2.99 3.29 1.94 3.29 3.10 3.15 
5.51 5.76 8.03 5.43 8.47 8.48 5.92 9.27 7.09 6.55 6.34 6.85 6.38 6.62 5.70 6.16 6.01 
0.12 0.13 0.16 0.12 0.18 0.20 0.10 0.63 0.16 0.17 0.13 0.14 0.17 0.20 0.12 0.11 0.09 
16.97 16.72 14.65 16.78 14.45 14.62 17.15 13.69 15.68 15.41 14.77 14.57 14.13 14.42 15.71 15.36 15.55 
21.13 22.19 21.99 19.94 20.77 20.76 19.44 21.55 21.24 20.73 21.06 21.12 21.27 21.25 21.00 21.62 21.03 
0.44 0.35 0.43 0.56 0.47 0.48 0.47 0.53 0.37 0.67 0.64 0.82 0.81 0.68 0.49 0.69 0.49 
0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 
0.40 0.19 0.03 0.44 0.04 0.01 0.35 0.02 0.14 0.29 0.58 0.58 0.45 0.14 0.37 0.33 0.37 
0.01 0.02 0.08 0.06 0.02 0.04 0.04 0.00 0.00 0.01 0.00 0.02 0.00 0.03 0.00 0.01 0.01 
0.24 0.00 0.00 0.00 0.00 0.13 0.15 0.00 0.11 0.18 0.16 0.00 0.00 0.12 0.00 0.10 0.15 
0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 
99.71 100.29 100.03 98.43 98.91 98.94 98.55 99.28 99.71 98.96 98.24 98.86 98.61 98.05 98.68 100.69 99.01 
0.43 0.44 0.45 0.42 0.44 0.44 0.41 0.45 0.44 0.44 0.45 0.45 0.46 0.46 0.44 0.45 0.44 
0.48 0.47 0.42 0.49 0.42 0.43 0.50 0.40 0.45 0.45 0.44 0.43 0.43 0.43 0.46 0.45 0.46 
0.09 0.09 0.13 0.09 0.14 0.14 0.10 0.15 0.11 0.11 0.11 0.11 0.11 0.11 0.09 0.10 0.10 
9 5 0 8 1 0 7 1 3 7 15 11 8 5 7 7 7 
85 84 76 85 75 75 84 72 80 81 81 79 80 80 83 82 82 
                                  
                                  
                                  
                                  
                                  




Table A5 (Continued): 
                              
cpx4-10 cpx4-11 cpx4-12 cpx5-1 cpx5-2 cpx5-3 cpx6-1 cpx6-2 cpx7 cpx1 cpx3 olivine2 olivine1-1 olivine1-2 olivine1-3 
52.07 52.48 51.56 52.44 52.65 51.87 52.57 51.26 52.22 50.92 50.04 39.17 38.84 39.03 39.10 
0.43 0.50 0.57 0.21 0.31 0.27 0.34 0.66 0.36 0.68 0.47 0.00 0.02 0.04 0.04 
2.37 2.05 2.40 2.13 2.49 2.05 2.29 3.54 3.01 3.32 3.34 0.00 0.00 0.03 0.01 
5.50 6.53 7.57 4.70 5.10 4.83 5.13 6.50 5.24 7.82 7.25 18.11 19.51 18.70 16.38 
0.10 0.17 0.22 0.10 0.11 0.11 0.13 0.12 0.10 0.19 0.15 0.36 0.49 0.43 0.26 
16.74 16.59 15.78 16.98 17.07 17.40 17.23 15.75 16.69 15.05 15.18 43.03 42.12 42.34 44.05 
21.16 20.33 20.29 20.75 20.10 20.36 20.33 20.43 20.22 20.83 20.95 0.11 0.13 0.13 0.13 
0.36 0.31 0.30 0.40 0.44 0.38 0.47 0.41 0.55 0.52 0.45 0.00 0.02 0.00 0.01 
0.00 0.00 0.07 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 
0.70 0.19 0.03 0.29 0.22 0.32 0.30 0.38 0.49 0.08 0.74 0.03 0.01 0.00 0.01 
0.03 0.03 0.02 0.01 0.01 0.01 0.02 0.04 0.01 0.01 0.06 0.03 0.07 0.08 0.04 
0.36 0.35 0.28 0.00 0.21 0.00 0.00 0.00 0.00 0.07 0.00 0.06 0.00 0.14 0.04 
0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 
99.82 99.54 99.08 98.02 98.71 97.62 98.81 99.11 98.89 99.50 98.64 100.91 101.24 100.93 100.07 
0.43 0.42 0.42 0.43 0.42 0.42 0.42 0.43 0.43 0.43 0.44         
0.48 0.48 0.46 0.49 0.50 0.50 0.50 0.46 0.49 0.44 0.44         
0.09 0.11 0.12 0.08 0.08 0.08 0.08 0.11 0.09 0.13 0.12         
17 6 1 8 6 9 8 7 10 2 13         
84 82 79 87 86 87 86 81 85 77 79         
                              
                              
                              
                      0.81 0.79 0.80 0.83 
                      0.19 0.21 0.20 0.17 




Table A5 (Continued): 
                          
olivine1-4 olivine1-5 olivine1-6 olivine1-7 olivine3 olivine4 olivine5 olivine3 mtx-ol1 olivine1-1 olivine1-2 olivine1-3 olivine1-4 
39.64 39.07 39.53 39.68 38.53 38.69 38.78 39.12 39.03 38.64 38.67 38.85 39.04 
0.01 0.00 0.01 0.02 0.05 0.01 0.00 0.00 0.03 0.03 0.00 0.00 0.00 
0.00 0.00 0.16 0.00 0.10 0.04 0.01 0.00 0.21 0.00 0.00 0.01 0.00 
15.23 17.19 18.60 19.79 20.73 20.23 16.68 18.24 21.57 20.08 20.20 19.86 18.15 
0.24 0.29 0.38 0.45 0.50 0.52 0.23 0.38 0.48 0.29 0.26 0.28 0.25 
44.11 43.35 41.85 41.89 38.79 40.90 44.18 42.34 33.43 40.71 40.74 41.05 41.25 
0.15 0.12 0.18 0.16 0.28 0.16 0.09 0.12 0.76 0.12 0.09 0.09 0.12 
0.02 0.00 0.00 0.00 0.01 0.00 0.02 0.02 0.00 0.00 0.01 0.01 0.00 
0.00 0.00 0.03 0.01 0.04 0.01 0.00 0.01 0.13 0.00 0.01 0.01 0.00 
0.02 0.02 0.02 0.01 0.00 0.00 0.01 0.01 0.00 0.02 0.03 0.02 0.05 
0.06 0.05 0.04 0.10 0.28 0.15 0.08 0.02 0.28 0.03 0.00 0.00 0.01 
0.19 0.02 0.00 0.07 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.00 0.00 
0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 
99.67 100.14 100.81 102.19 99.30 100.71 100.11 100.28 95.93 99.93 100.01 100.17 98.93 
                          
                          
                          
                          
                          
                          
                          
                          
0.84 0.82 0.80 0.79 0.77 0.78 0.82 0.80 0.73 0.78 0.78 0.78 0.80 
0.16 0.18 0.20 0.21 0.23 0.22 0.17 0.19 0.26 0.22 0.22 0.21 0.20 




Table A5 (Continued): 
                          
olivine1-5 olivine1-6 olivine1-7 olivine1-9 olivine1-10 olivine1-11 olivine1-13 olivine1-14 olivine1-15 olivine1-16 olivine1-17 olivine1-18 olivine1-20 
39.00 39.05 39.27 39.06 39.38 39.31 39.26 39.56 39.29 39.25 38.89 39.35 38.69 
0.00 0.00 0.00 0.03 0.00 0.01 0.00 0.02 0.03 0.01 0.01 0.00 0.01 
0.00 0.03 0.02 0.02 0.01 0.01 0.00 0.03 0.04 0.00 0.02 0.00 0.00 
18.06 17.98 17.68 17.46 17.08 16.86 16.08 16.10 16.08 15.96 19.49 20.47 21.87 
0.25 0.25 0.26 0.25 0.24 0.20 0.20 0.21 0.22 0.22 0.29 0.28 0.29 
42.66 42.75 43.23 43.09 43.29 43.56 43.01 43.99 44.04 43.79 41.36 42.01 39.19 
0.08 0.09 0.10 0.08 0.08 0.08 0.10 0.09 0.10 0.08 0.12 0.11 0.15 
0.00 0.00 0.03 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.00 
0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 
0.01 0.03 0.02 0.04 0.00 0.01 0.02 0.03 0.02 0.04 0.01 0.00 0.00 
0.01 0.02 0.03 0.04 0.00 0.04 0.07 0.02 0.06 0.01 0.01 0.01 0.02 
0.00 0.17 0.24 0.00 0.00 0.02 0.22 0.00 0.00 0.00 0.00 0.10 0.00 
0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
100.08 100.31 100.80 100.06 100.22 100.11 98.90 100.06 99.92 99.40 100.25 102.30 100.30 
                          
                          
                          
                          
                          
                          
                          
                          
0.81 0.81 0.81 0.81 0.82 0.82 0.82 0.83 0.83 0.83 0.79 0.78 0.76 
0.19 0.19 0.19 0.18 0.18 0.18 0.17 0.17 0.17 0.17 0.21 0.21 0.24 




Table A5 (Continued): 
                              
plag1 plag2-1 plag2-2 plag2-3 plag2-4 plag2-5 plag3-1 mtx-plag1 plag13 plag1 plag4 plag5-2 plag5-5 plag5-6 plag5-7 
51.98 53.48 53.81 53.01 53.77 53.37 52.53 53.95 53.29 52.99 52.93 53.98 55.74 53.31 54.12 
0.02 0.05 0.06 0.02 0.05 0.06 0.06 0.06 0.07 0.04 0.03 0.01 0.06 0.04 0.09 
28.83 28.11 28.10 28.19 27.73 27.97 28.75 27.88 28.55 28.96 28.68 28.26 27.18 28.77 27.69 
0.61 0.60 0.54 0.49 0.48 0.52 0.64 0.90 0.58 0.55 0.64 0.50 0.49 0.47 0.48 
0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.01 0.01 0.01 0.00 0.00 
0.07 0.07 0.05 0.05 0.06 0.06 0.08 0.07 0.09 0.06 0.06 0.05 0.05 0.08 0.07 
12.38 11.55 11.36 11.45 11.02 11.63 12.41 11.31 11.29 11.68 11.55 10.78 9.40 10.65 10.49 
3.98 4.60 4.73 4.59 4.59 4.09 3.74 4.20 4.41 4.06 4.20 4.51 5.24 4.51 4.78 
0.50 0.52 0.51 0.55 0.60 0.50 0.47 0.58 0.53 0.56 0.55 0.63 0.75 0.53 0.59 
0.00 0.01 0.00 0.01 0.00 0.00 0.03 0.02 0.00 0.00 0.01 0.00 0.00 0.02 0.01 
0.05 0.04 0.07 0.02 0.03 0.24 0.02 0.08 0.00 0.01 0.02 0.01 0.02 0.02 0.02 
0.10 0.04 0.00 0.29 0.00 0.00 0.00 0.00 0.02 0.02 0.09 0.00 0.00 0.09 0.02 
0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 
98.51 99.04 99.23 98.54 98.33 98.46 98.72 99.04 98.87 99.04 98.79 98.74 98.96 98.44 98.36 
                              
                              
                              
                              
                              
0.61 0.56 0.55 0.56 0.55 0.59 0.63 0.58 0.57 0.59 0.58 0.55 0.48 0.55 0.53 
0.36 0.41 0.42 0.41 0.41 0.38 0.34 0.39 0.40 0.37 0.38 0.41 0.48 0.42 0.44 
0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.03 0.04 0.04 0.03 0.04 
                              
                              




Table A5 (Continued): 
                            
plag5-8 plag5-9 plag5-10 plag5-11 plag5-12 plag5-13 plag5-14 plag5-15 plag5-16 plag5-17 plag5-18 plag5-20 plag5-21 plag5-22 
54.25 54.60 55.79 54.05 53.64 53.26 54.32 53.58 53.49 54.15 54.57 55.20 55.61 53.06 
0.04 0.06 0.21 0.06 0.05 0.06 0.03 0.02 0.06 0.03 0.05 0.05 0.04 0.03 
27.96 27.69 25.72 28.18 28.38 28.36 28.00 28.52 28.39 27.84 27.84 26.76 27.08 28.18 
0.49 0.49 0.76 0.52 0.54 0.49 0.54 0.50 0.49 0.49 0.45 0.49 0.49 0.48 
0.00 0.01 0.01 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.02 0.00 0.02 
0.07 0.05 0.12 0.01 0.05 0.05 0.04 0.05 0.06 0.04 0.04 0.04 0.07 0.05 
10.51 10.29 9.59 10.76 11.15 11.03 10.74 11.31 11.15 10.57 10.44 9.75 9.78 10.87 
4.88 5.01 4.66 4.65 4.63 4.57 4.69 4.53 4.50 4.68 4.85 5.18 5.26 4.59 
0.65 0.68 0.64 0.67 0.57 0.62 0.72 0.56 0.60 0.63 0.64 0.76 0.75 0.59 
0.00 0.00 0.02 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 
0.03 0.02 0.02 0.02 0.02 0.02 0.01 0.05 0.00 0.02 0.01 0.04 0.00 0.04 
0.00 0.00 0.13 0.00 0.14 0.00 0.00 0.00 0.01 0.18 0.24 0.00 0.00 0.14 
0.00 0.01 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
98.89 98.91 97.72 98.95 99.12 98.51 99.13 99.13 98.76 98.58 99.14 98.28 99.07 98.05 
                            
                            
                            
                            
                            
0.52 0.51 0.51 0.54 0.55 0.55 0.53 0.56 0.56 0.53 0.52 0.49 0.48 0.55 
0.44 0.45 0.45 0.42 0.41 0.41 0.42 0.41 0.41 0.43 0.44 0.47 0.47 0.42 
0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.03 0.04 0.04 0.04 0.05 0.04 0.04 
                            
                            




Table A5 (Continued): 
                              
plag5-23 plag6-2 plag6-3 plag7-1 plag8-1 plag8-2 plag8-6 plag8-7 plag8-8 plag8-9 plag8-10 plag9 plag10-1 plag11 plag12 
53.96 54.78 58.21 54.99 53.69 56.02 63.73 54.95 54.77 53.39 53.17 52.53 52.72 53.30 56.68 
0.05 0.05 0.08 0.05 0.04 0.00 0.93 0.01 0.05 0.06 0.06 0.06 0.03 0.06 0.15 
27.89 27.54 26.26 28.33 28.24 26.46 17.91 27.54 27.27 28.53 28.51 28.80 28.85 28.05 24.29 
0.50 0.57 0.59 0.69 0.82 0.48 2.08 0.48 0.49 0.55 0.58 0.59 0.83 0.88 1.04 
0.02 0.01 0.02 0.00 0.00 0.00 0.05 0.00 0.00 0.04 0.00 0.02 0.01 0.00 0.01 
0.06 0.03 0.02 0.08 0.04 0.04 0.01 0.02 0.04 0.04 0.06 0.05 0.03 0.07 0.09 
10.54 10.37 8.23 10.60 10.83 8.61 0.66 10.04 10.11 11.18 10.95 11.62 11.76 10.95 8.32 
4.34 4.89 5.63 4.65 4.41 5.52 3.82 5.05 4.90 4.46 4.54 4.36 4.25 4.18 5.55 
0.60 0.97 1.43 0.69 0.60 0.94 9.46 0.85 0.80 0.65 0.58 0.52 0.48 0.65 1.20 
0.00 0.00 0.01 0.01 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
0.02 0.00 0.05 0.00 0.01 0.03 0.13 0.00 0.04 0.04 0.00 0.01 0.00 0.02 0.70 
0.00 0.00 0.00 0.06 0.00 0.00 0.20 0.00 0.17 0.00 0.13 0.28 0.25 0.00 0.00 
0.00 0.01 0.01 0.00 0.00 0.01 0.09 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 
97.98 99.32 100.55 100.24 98.71 98.10 99.20 98.94 98.59 98.99 98.54 98.73 99.11 98.17 98.06 
                              
                              
                              
                              
                              
0.55 0.51 0.41 0.53 0.55 0.44 0.04 0.50 0.51 0.56 0.55 0.58 0.59 0.57 0.42 
0.41 0.43 0.51 0.42 0.41 0.51 0.37 0.45 0.44 0.40 0.41 0.39 0.38 0.39 0.51 
0.04 0.06 0.08 0.04 0.04 0.06 0.60 0.05 0.05 0.04 0.03 0.03 0.03 0.04 0.07 
                              
                              




Table A5 (Continued): 
                                  
mtx-plag6 mtx-plag1 mtx-plag5 opx1-1 opx1-2 opx2-1 opx2-2 opx3 opx5 opx6 opx7-1 opx7-2 opx7-3 opx7-4 opx7-5 opx7-6 opx7-7 
55.65 53.44 53.81 55.50 54.08 54.08 53.65 52.59 53.41 53.22 55.20 54.50 55.49 55.13 55.22 55.31 53.93 
0.09 0.05 0.07 0.13 0.28 0.26 0.28 0.33 0.20 0.26 0.14 0.08 0.11 0.14 0.10 0.09 0.28 
26.34 27.85 27.83 1.65 2.08 1.42 2.21 2.42 0.94 1.62 1.60 1.50 1.62 1.56 1.58 1.44 1.76 
1.08 0.76 0.83 8.42 13.40 14.70 14.96 15.02 18.04 15.31 7.22 8.06 7.18 7.16 7.15 7.55 13.23 
0.01 0.01 0.00 0.16 0.27 0.30 0.34 0.30 0.58 0.40 0.09 0.14 0.10 0.14 0.15 0.14 0.26 
0.04 0.14 0.04 31.51 28.71 27.35 27.03 26.94 25.11 26.82 32.44 31.50 31.94 32.11 32.02 31.56 28.37 
8.65 10.84 10.65 1.71 1.35 1.60 1.55 1.57 1.21 1.30 1.57 1.49 1.48 1.57 1.52 1.49 1.22 
5.14 4.48 4.16 0.05 0.00 0.06 0.04 0.05 0.02 0.00 0.06 0.04 0.07 0.08 0.06 0.07 0.02 
1.38 0.69 0.58 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 
0.00 0.00 0.01 0.46 0.00 0.08 0.06 0.05 0.01 0.02 0.50 0.44 0.51 0.44 0.41 0.47 0.02 
0.04 0.01 0.01 0.03 0.02 0.00 0.02 0.00 0.02 0.02 0.00 0.00 0.05 0.00 0.00 0.00 0.00 
0.00 0.02 0.09 0.00 0.25 0.00 0.00 0.00 0.00 0.01 0.10 0.00 0.08 0.00 0.00 0.00 0.16 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
98.41 98.27 98.06 99.63 100.35 99.86 100.14 99.27 99.55 98.99 98.90 97.76 98.60 98.32 98.22 98.12 99.18 
      0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 
      0.84 0.77 0.74 0.74 0.74 0.70 0.74 0.86 0.85 0.86 0.86 0.86 0.86 0.77 
      0.13 0.20 0.22 0.23 0.23 0.28 0.24 0.11 0.12 0.11 0.11 0.11 0.11 0.20 
      16 0 4 2 1 1 1 17 16 17 16 15 18 1 
      87 79 77 76 76 71 76 89 87 89 89 89 88 79 
0.44 0.55 0.56                             
0.47 0.41 0.40                             
0.08 0.04 0.04                             
                                  
                                  




Table A5 (Continued): 
                              
opx7-8 opx8 opx9 opx11 opx11-1 opx11-2 opx11-3 opx4-1 opx4-2 opx4-3 opx12 mtx-opx1 mtx-opx2 opx10 opx16 
53.72 54.07 54.07 53.64 53.72 55.04 53.59 53.10 52.89 53.53 53.89 53.01 54.87 54.13 52.86 
0.32 0.27 0.22 0.28 0.25 0.24 0.28 0.28 0.29 0.22 0.21 0.28 0.11 0.21 0.24 
2.01 2.11 1.25 1.79 1.80 1.83 2.17 1.97 1.88 1.76 1.54 2.26 1.10 2.05 2.66 
13.15 13.82 15.63 15.38 15.21 14.78 15.00 14.50 14.09 14.25 14.23 15.28 14.49 10.48 16.36 
0.32 0.29 0.43 0.35 0.34 0.34 0.32 0.29 0.26 0.27 0.29 0.32 0.34 0.22 0.38 
27.63 28.27 27.14 26.88 27.49 28.10 27.09 27.63 27.97 27.82 27.68 26.43 28.26 30.06 25.50 
1.52 1.57 1.36 1.51 1.35 1.65 1.52 1.51 1.44 1.46 1.48 1.38 1.19 1.49 1.30 
0.19 0.03 0.02 0.03 0.01 0.04 0.04 0.01 0.02 0.03 0.05 0.03 0.02 0.06 0.06 
0.04 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 
0.04 0.05 0.00 0.02 0.04 0.00 0.04 0.05 0.03 0.02 0.01 0.01 0.02 0.09 0.00 
0.14 0.01 0.02 0.02 0.05 0.00 0.00 0.05 0.03 0.00 0.02 0.00 0.00 0.05 0.00 
0.06 0.03 0.02 0.03 0.18 0.00 0.02 0.16 0.02 0.00 0.39 0.07 0.06 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
99.12 100.51 100.15 99.93 100.38 102.02 100.06 99.48 98.92 99.39 99.63 99.05 100.43 98.84 99.35 
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 
0.77 0.76 0.74 0.73 0.74 0.75 0.74 0.75 0.76 0.75 0.75 0.73 0.76 0.81 0.72 
0.20 0.21 0.24 0.24 0.23 0.22 0.23 0.22 0.21 0.22 0.22 0.24 0.22 0.16 0.26 
1 2 0 1 1 0 1 2 1 1 0 0 1 3 0 
79 78 76 76 76 77 76 77 78 78 78 76 78 84 74 
                              
                              
                              
                              
                              




Table A5 (Continued): 
                              
opx17 opx20 opx18-1 opx18-2 opx18-3 opx18-4 opx18-5 opx19 opx1-1 opx1-2 opx1-3 opx1-4 opx1-5 opx1-6 opx1-7 
54.18 55.65 55.49 53.24 54.68 53.49 54.77 53.40 53.58 52.99 52.59 53.87 54.88 52.40 53.46 
0.14 0.13 0.16 0.32 0.20 0.24 0.17 0.21 0.33 0.30 0.25 0.15 0.19 0.25 0.31 
1.14 1.34 1.64 3.76 2.31 2.26 1.73 3.39 1.60 1.98 1.87 1.70 1.04 1.86 3.08 
16.31 8.95 8.89 11.47 11.35 13.00 9.34 10.89 15.14 14.85 14.07 14.00 12.38 12.42 12.12 
0.43 0.16 0.15 0.23 0.20 0.26 0.17 0.19 0.35 0.31 0.28 0.28 0.25 0.23 0.23 
26.12 30.79 30.90 28.14 29.23 27.60 30.56 28.86 27.14 27.28 27.26 27.75 29.03 28.51 28.29 
1.48 1.50 1.50 1.72 1.38 1.26 1.46 1.52 1.30 1.32 1.16 1.05 1.23 1.19 1.13 
0.02 0.04 0.05 0.05 0.06 0.05 0.04 0.06 0.01 0.03 0.02 0.04 0.01 0.03 0.02 
0.00 0.00 0.01 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.01 0.36 0.30 0.05 0.12 0.09 0.15 0.07 0.01 0.04 0.06 0.07 0.07 0.16 0.22 
0.00 0.00 0.03 0.00 0.03 0.00 0.02 0.02 0.00 0.01 0.00 0.04 0.00 0.00 0.06 
0.19 0.00 0.15 0.00 0.03 0.03 0.24 0.23 0.00 0.13 0.08 0.07 0.03 0.03 0.00 
0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 
99.94 98.93 99.22 98.98 99.59 98.38 98.56 98.80 99.46 99.19 97.61 99.02 99.10 97.06 98.93 
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 
0.72 0.83 0.84 0.79 0.80 0.77 0.83 0.80 0.74 0.75 0.76 0.76 0.79 0.78 0.79 
0.25 0.14 0.13 0.18 0.17 0.20 0.14 0.17 0.23 0.23 0.22 0.22 0.19 0.19 0.19 
0 15 11 1 3 3 6 1 0 1 2 3 4 5 5 
74 86 86 81 82 79 85 83 76 77 78 78 81 80 81 
                              
                              
                              
                              
                              




Table A5 (Continued): 
                          Strider       
opx2 opx4 opx5 opx6 opx7 opx8 opx9 opx10 opx11 opx12 opx13 opx14 opx15 cpx1-1 cpx1-2 cpx1-3 cpx1-4 
54.97 53.10 54.64 53.26 53.97 52.45 54.50 53.35 53.38 53.94 54.61 52.75 54.26 51.35 50.69 49.55 49.69 
0.23 0.30 0.19 0.30 0.27 0.32 0.21 0.30 0.27 0.24 0.15 0.32 0.24 0.56 0.68 0.89 0.63 
1.44 2.63 1.45 2.68 2.20 2.88 1.27 2.61 2.13 1.81 1.39 2.89 1.79 3.65 3.61 4.26 3.28 
12.74 14.21 13.07 15.00 13.14 15.12 14.88 15.12 14.57 15.15 13.75 15.45 14.07 7.67 9.11 9.47 9.85 
0.31 0.31 0.30 0.33 0.27 0.34 0.33 0.31 0.29 0.35 0.26 0.30 0.34 0.21 0.23 0.22 0.23 
28.62 27.34 28.59 26.71 28.44 26.23 26.93 26.84 27.48 26.69 27.90 26.04 27.52 16.26 15.17 14.32 14.88 
1.33 1.28 1.34 1.31 1.17 1.46 1.32 1.30 1.30 1.26 1.35 1.36 1.36 20.53 20.57 19.35 19.61 
0.02 0.02 0.04 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.06 0.60 0.83 0.84 0.95 
0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 
0.05 0.05 0.06 0.04 0.08 0.02 0.02 0.08 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.07 
0.00 0.02 0.00 0.01 0.00 0.03 0.00 0.02 0.02 0.03 0.00 0.01 0.01 0.04 0.03 0.01 0.00 
0.00 0.10 0.03 0.02 0.00 0.20 0.00 0.00 0.00 0.00 0.12 0.29 0.08 0.00 0.00 0.01 0.00 
0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.17 0.05 0.08 0.00 
99.70 99.37 99.76 99.67 99.57 99.04 99.48 100.06 99.53 99.54 99.54 99.37 99.76 101.09 101.02 99.04 99.20 
0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.42 0.42 0.41 0.41 
0.78 0.75 0.78 0.74 0.78 0.73 0.74 0.74 0.75 0.74 0.76 0.73 0.76 0.46 0.43 0.43 0.43 
0.19 0.22 0.20 0.23 0.20 0.24 0.23 0.23 0.22 0.24 0.21 0.24 0.22 0.12 0.15 0.16 0.16 
2 1 3 1 2 0 1 2 1 1 2 1 1 1 1 0 1 
80 77 80 76 79 76 76 76 77 76 78 75 78 79 75 73 73 
                                  
                                  
                                  
                                  
                                  




Table A5 (Continued): 
                                
cpx4 cpx5-1 cpx5-2 cpx5-3 cpx5-4 cpx5-5 cpx5-6 cpx5-7 cpx5-8 cpx5-9 cpx5-10 cpx6 cpx7 cpx8 cpx9 cpx10 
48.92 51.27 50.82 49.78 50.77 50.59 51.22 52.98 51.41 50.97 51.49 51.39 50.57 51.21 51.87 51.05 
0.88 0.42 0.36 0.72 0.64 0.68 0.49 0.26 0.45 0.42 0.39 0.47 0.66 0.54 0.49 0.63 
4.53 2.90 2.71 5.43 5.16 5.24 2.94 2.75 2.68 2.64 2.66 2.51 4.92 2.82 2.87 3.38 
8.73 9.71 9.82 7.38 7.84 7.69 9.88 4.97 9.81 9.72 9.16 8.69 7.00 9.28 7.93 9.57 
0.16 0.41 0.45 0.15 0.19 0.20 0.38 0.14 0.37 0.42 0.36 0.25 0.17 0.29 0.23 0.25 
14.77 14.56 14.54 15.41 15.66 15.71 14.65 18.26 14.64 14.63 14.99 14.55 15.91 15.02 15.99 15.18 
20.41 20.74 20.81 20.85 20.73 20.58 20.39 21.08 20.74 20.76 20.63 20.47 20.85 20.81 21.21 20.16 
0.80 0.85 0.82 0.66 0.78 0.77 0.81 0.47 0.89 0.80 0.83 0.80 0.64 0.65 0.72 0.82 
0.03 0.03 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.00 0.02 0.00 0.00 
0.10 0.08 0.11 0.14 0.04 0.03 0.13 0.18 0.05 0.03 0.06 0.00 0.12 0.02 0.14 0.05 
0.03 0.00 0.00 0.04 0.02 0.05 0.00 0.00 0.01 0.01 0.00 0.04 0.02 0.02 0.04 0.02 
0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 
0.04 0.06 0.10 0.01 0.01 0.07 0.06 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.05 0.00 
99.41 101.04 100.57 100.59 101.88 101.61 100.96 101.09 101.08 100.42 100.62 99.22 100.86 100.71 101.55 101.12 
0.43 0.43 0.43 0.43 0.43 0.42 0.42 0.42 0.43 0.43 0.42 0.43 0.43 0.43 0.43 0.41 
0.43 0.42 0.42 0.45 0.45 0.45 0.42 0.50 0.42 0.42 0.43 0.43 0.46 0.43 0.45 0.43 
0.14 0.16 0.16 0.12 0.13 0.12 0.16 0.08 0.16 0.16 0.15 0.14 0.11 0.15 0.12 0.15 
1 2 3 2 1 0 3 4 1 1 2 0 2 1 3 1 
75 73 73 79 78 78 73 87 73 73 74 75 80 74 78 74 
                                
                                
                                
                                
                                




Table A5 (Continued): 
                            
mtx-cpx mtx-cpx plag1-1 plag1-2 plag1-3 plag1-4 plag1-5 plag1-6 plag1-7 plag1-8 plag2-1 plag2-2 plag3-1 plag3-2 
49.30 50.02 55.49 54.68 53.42 56.93 56.60 56.66 55.14 55.95 55.52 54.94 57.66 55.44 
1.36 1.02 0.07 0.02 0.02 0.08 0.06 0.05 0.06 0.01 0.08 0.01 0.08 0.03 
4.27 3.21 27.94 28.34 27.89 26.75 27.60 27.25 28.02 27.11 28.00 28.10 27.49 28.24 
8.31 8.11 0.57 0.53 0.56 0.43 0.44 0.40 0.54 0.50 0.53 0.52 0.45 0.56 
0.29 0.29 0.00 0.02 0.00 0.03 0.00 0.01 0.01 0.00 0.01 0.02 0.00 0.00 
15.27 15.71 0.05 0.06 0.05 0.04 0.05 0.03 0.06 0.06 0.04 0.06 0.03 0.06 
20.45 20.94 9.53 10.20 9.98 8.44 9.04 8.96 9.96 8.94 9.78 10.26 8.55 9.91 
0.53 0.48 5.72 5.27 5.12 6.20 5.85 5.96 5.39 5.78 4.88 5.46 6.31 5.57 
0.11 0.12 0.99 0.87 0.90 1.05 1.04 1.01 0.94 1.12 0.94 0.86 0.91 0.92 
0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.02 
0.01 0.17 0.02 0.02 0.04 0.01 0.00 0.02 0.03 0.01 0.02 0.03 0.00 0.02 
0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 
0.00 0.17 0.00 0.08 0.00 0.00 0.25 0.00 0.00 0.11 0.06 0.00 0.00 0.07 
99.94 100.25 100.37 100.07 97.98 99.97 100.84 100.36 100.16 99.55 99.84 100.26 101.49 100.80 
0.42 0.43                         
0.44 0.44                         
0.13 0.13                         
0 0                         
77 78                         
    0.45 0.49 0.49 0.40 0.43 0.43 0.48 0.43 0.50 0.48 0.41 0.47 
    0.49 0.46 0.46 0.54 0.51 0.51 0.47 0.50 0.45 0.47 0.54 0.48 
    0.06 0.05 0.05 0.06 0.06 0.06 0.05 0.06 0.06 0.05 0.05 0.05 
                            
                            




Table A5 (Continued): 
                            
plag4-1 plag4-2 plag4-3 plag4-4 plag4-5 plag4-6 plag4-7 plag4-8 plag4-9 plag4-10 plag4-11 plag4-12 plag4-14 plag5 
56.37 57.29 57.83 57.20 56.61 56.14 56.47 56.96 56.13 56.46 57.20 57.93 57.00 59.47 
0.07 0.07 0.05 0.04 0.06 0.07 0.02 0.08 0.06 0.08 0.04 0.07 0.05 0.04 
27.67 27.12 27.09 26.97 27.47 27.74 27.31 27.18 27.40 27.64 27.35 27.04 27.04 26.55 
0.63 0.48 0.51 0.55 0.50 0.62 0.50 0.47 0.59 0.49 0.48 0.52 0.55 0.41 
0.02 0.00 0.00 0.03 0.01 0.00 0.01 0.06 0.00 0.00 0.00 0.00 0.00 0.00 
0.07 0.04 0.04 0.22 0.05 0.06 0.27 0.05 0.33 0.05 0.04 0.04 0.04 0.03 
9.41 8.49 8.40 8.48 8.99 9.58 9.02 8.74 9.25 9.27 8.62 8.07 8.55 7.21 
5.80 5.77 6.40 5.86 5.54 5.59 5.84 6.11 5.58 5.75 6.07 6.35 5.79 6.69 
1.11 1.11 1.10 1.30 1.05 1.12 1.16 1.05 0.95 1.06 1.15 1.25 1.26 1.38 
0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.00 0.01 0.01 0.00 0.00 0.01 0.00 
0.12 0.03 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.04 0.02 0.01 0.00 0.00 
0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.03 0.00 0.00 0.01 0.01 0.00 0.00 
0.09 0.15 0.00 0.00 0.00 0.00 0.02 0.07 0.07 0.00 0.00 0.00 0.02 0.04 
101.32 100.49 101.44 100.69 100.32 100.94 100.67 100.79 100.37 100.85 100.97 101.29 100.30 101.81 
                            
                            
                            
                            
                            
0.44 0.42 0.39 0.41 0.44 0.46 0.43 0.42 0.45 0.44 0.41 0.38 0.42 0.34 
0.49 0.52 0.54 0.51 0.49 0.48 0.50 0.53 0.49 0.50 0.52 0.55 0.51 0.58 
0.06 0.07 0.06 0.07 0.06 0.06 0.07 0.06 0.06 0.06 0.07 0.07 0.07 0.08 
                            
                            




Table A5 (Continued): 
                              
plag6 mtx-feld2 mtx-feld4 mtx-feld opx1-1 opx1-2 opx2-1 opx2-2 opx3-1 opx3-2 opx4 opx5-1 opx5-2 opx5-3 opx5-4 
55.24 59.84 57.18 59.67 57.11 53.14 52.82 52.82 52.55 53.76 53.54 53.83 53.39 52.55 53.37 
0.07 0.15 0.08 0.02 0.25 0.29 0.29 0.27 0.30 0.24 0.19 0.22 0.22 0.25 0.22 
28.57 24.94 26.57 26.44 0.26 0.16 0.18 0.18 3.62 2.23 1.08 1.79 2.64 2.90 1.97 
0.49 0.92 0.86 0.43 12.94 14.95 15.32 15.33 14.30 15.10 18.32 14.70 15.03 15.45 15.58 
0.02 0.01 0.00 0.00 0.25 0.35 0.37 0.36 0.29 0.33 0.60 0.36 0.31 0.35 0.37 
0.05 0.06 0.05 0.03 30.41 28.67 27.87 28.06 27.79 28.61 26.12 28.76 28.28 27.55 26.77 
10.29 6.07 7.86 7.00 1.62 1.42 1.30 1.30 1.36 1.43 1.12 1.36 1.41 1.36 1.48 
5.50 6.37 6.14 6.62 0.13 0.07 0.08 0.06 0.08 0.07 0.05 0.05 0.06 0.09 0.08 
0.82 2.18 1.61 1.57 0.23 0.01 0.01 0.00 0.02 0.00 0.03 0.04 0.00 0.03 0.01 
0.00 0.03 0.00 0.00 0.02 0.03 0.04 0.02 0.00 0.04 0.01 0.02 0.01 0.02 0.03 
0.02 0.07 0.03 0.05 0.11 0.02 0.02 0.03 0.01 0.02 0.04 0.00 0.01 0.00 0.00 
0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.02 0.01 0.00 0.00 0.00 
0.14 0.07 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.06 0.03 
101.16 100.68 100.39 101.84 103.34 99.13 98.30 98.44 100.33 101.86 101.11 101.15 101.36 100.60 99.92 
        0.03 0.03 0.03 0.02 0.03 0.03 0.02 0.03 0.03 0.03 0.03 
        0.78 0.75 0.75 0.75 0.76 0.75 0.70 0.76 0.75 0.74 0.73 
        0.19 0.22 0.23 0.23 0.22 0.22 0.28 0.22 0.22 0.23 0.24 
        6 10 14 7 0 1 0 1 0 1 1 
        81 77 76 77 78 77 72 78 77 76 75 
0.48 0.30 0.38 0.34                       
0.47 0.57 0.53 0.57                       
0.05 0.13 0.09 0.09                       
                              
                              




Table A5 (Continued): 
      Lower Cactus Hill                     
opx5-5 opx5-6 opx6 cpx1-1 cpx1-2 cpx1-4 cpx1-5 cpx1-6 cpx1-7 cpx1-8 cpx1-9 cpx1-10 cpx1-11 cpx1-13 
53.24 53.32 53.99 49.98 49.16 50.85 50.65 50.51 50.52 52.04 50.62 50.54 50.88 49.07 
0.27 0.21 0.26 1.03 1.10 0.91 0.82 0.73 0.79 0.87 0.87 0.94 0.76 1.13 
2.55 1.96 1.40 3.97 4.60 3.29 3.30 3.48 2.86 2.95 2.97 2.95 2.93 4.43 
15.90 16.04 18.07 8.27 7.31 8.31 8.16 7.95 8.09 8.39 8.48 8.76 9.33 8.38 
0.37 0.41 0.48 0.19 0.09 0.19 0.21 0.20 0.24 0.25 0.23 0.32 0.31 0.18 
27.78 27.77 26.64 14.37 14.26 14.99 14.97 14.68 14.60 15.69 15.09 15.10 15.08 14.50 
1.44 1.37 1.39 19.97 20.94 19.89 20.25 20.15 19.99 20.12 19.80 19.66 19.65 20.14 
0.09 0.08 0.08 0.49 0.49 0.48 0.52 0.47 0.49 0.46 0.45 0.53 0.53 0.51 
0.00 0.01 0.00 0.08 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.00 
0.03 0.00 0.02 0.05 0.12 0.13 0.32 0.18 0.03 0.07 0.03 0.02 0.00 0.04 
0.01 0.00 0.00 0.09 0.06 0.05 0.02 0.00 0.06 0.00 0.00 0.05 0.00 0.16 
0.01 0.01 0.00 0.03 0.09 0.00 0.10 0.00 0.17 0.00 0.00 0.07 0.06 0.00 
0.09 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.02 
101.79 101.19 102.32 98.51 98.19 99.11 99.30 98.38 97.80 100.83 98.56 98.92 99.54 98.56 
0.03 0.03 0.03 0.43 0.45 0.42 0.43 0.43 0.43 0.41 0.42 0.41 0.41 0.43 
0.74 0.74 0.71 0.43 0.43 0.44 0.44 0.44 0.44 0.45 0.44 0.44 0.44 0.43 
0.24 0.24 0.27 0.14 0.12 0.14 0.13 0.13 0.14 0.14 0.14 0.14 0.15 0.14 
1 0 1 1 2 3 6 3 1 2 1 0 0 1 
76 76 72 76 78 76 77 77 76 77 76 75 74 76 
                            
                            
                            
                            
                            




Table A5 (Continued): 
                              
mtx-cpx3 cpx2-1 cpx2-2 cpx2-3 cpx2-4 cpx3 cpx4-2 mtx-cpx5 cpx5-1 cpx5-2 mtx-cpx6 cpx6-2 cpx6-4 cpx6-5 mtx-cpx9 
50.87 49.60 50.14 49.05 51.55 49.62 50.40 50.01 50.33 49.97 52.62 50.63 50.28 50.13 52.10 
0.65 0.70 0.76 1.10 0.91 1.14 0.94 0.95 0.97 0.76 0.54 0.83 1.08 0.99 0.53 
3.19 3.80 3.85 5.45 4.18 3.79 3.41 3.57 3.30 3.19 2.29 2.89 2.68 3.23 3.08 
8.55 6.15 6.61 7.22 6.86 8.85 8.18 8.49 8.80 8.15 6.32 9.64 8.33 8.96 5.50 
0.27 0.12 0.13 0.14 0.15 0.21 0.16 0.26 0.29 0.25 0.21 0.27 0.26 0.22 0.13 
15.41 15.69 15.00 14.57 16.19 14.92 15.20 15.55 15.08 15.04 17.43 15.03 15.16 15.05 16.82 
19.60 20.61 20.94 20.96 20.85 19.63 20.10 19.36 19.47 20.35 20.05 19.07 20.28 19.85 20.89 
0.36 0.42 0.45 0.49 0.48 0.47 0.65 0.49 0.53 0.61 0.31 0.54 0.44 0.56 0.32 
0.00 0.01 0.01 0.00 0.02 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.01 0.01 
0.01 0.60 0.67 0.24 0.27 0.03 0.10 0.18 0.00 0.50 0.19 0.00 0.00 0.01 0.42 
0.01 0.01 0.00 0.07 0.03 0.00 0.02 0.04 0.12 0.00 0.04 0.04 0.18 0.00 0.00 
0.06 0.03 0.00 0.00 0.33 0.00 0.16 0.03 0.05 0.00 0.12 0.16 0.00 0.24 0.23 
0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 
98.98 97.76 98.54 99.33 101.72 98.70 99.26 98.98 98.96 98.82 100.08 99.06 98.70 99.16 99.95 
0.41 0.44 0.45 0.45 0.43 0.41 0.42 0.41 0.41 0.43 0.41 0.40 0.42 0.42 0.43 
0.45 0.46 0.44 0.43 0.46 0.44 0.44 0.45 0.44 0.44 0.49 0.44 0.44 0.44 0.48 
0.14 0.10 0.11 0.12 0.11 0.15 0.13 0.14 0.15 0.13 0.10 0.16 0.14 0.15 0.09 
0 10 10 3 4 1 2 3 0 10 5 0 0 0 8 
76 82 80 78 81 75 77 77 75 77 83 74 76 75 84 
                              
                              
                              
                              
                              




Table A5 (Continued): 
                              
cpx7-1 cpx7-2 cpx8 plag1-1 plag1-2 plag2 plag4 mtx-plag2 plag5 plag6-1 plag6-2 plag6-3 plag6-4 plag6-5 plag6-6 
50.88 50.50 50.79 58.09 55.25 56.97 55.74 57.78 55.63 57.24 56.59 54.84 51.58 52.20 57.16 
0.62 0.68 0.87 0.07 0.07 0.15 0.14 0.10 0.09 0.12 0.57 0.05 0.01 0.05 0.08 
2.74 2.53 2.92 25.00 26.80 25.51 26.33 25.07 26.58 24.86 24.54 27.17 28.83 29.50 25.54 
9.58 9.38 7.88 0.59 0.60 0.74 0.64 0.64 0.72 0.54 1.20 0.47 0.42 0.44 0.65 
0.31 0.29 0.23 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.02 
14.97 14.86 15.53 0.21 0.14 0.24 0.13 0.21 0.13 0.31 0.69 0.04 0.07 0.06 0.06 
19.52 19.38 20.35 7.21 9.40 7.76 8.99 7.23 8.65 7.69 7.83 9.65 11.54 11.96 7.90 
0.60 0.68 0.33 5.90 5.32 5.85 5.36 6.26 5.32 5.41 4.94 4.67 4.10 4.04 5.35 
0.02 0.00 0.01 1.79 0.97 1.08 0.83 1.39 1.22 1.78 1.77 0.78 0.55 0.47 1.85 
0.00 0.01 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.01 0.02 
0.01 0.03 0.13 0.00 0.04 0.00 0.12 0.00 0.03 0.12 0.13 0.03 0.05 0.02 0.03 
0.00 0.00 0.00 0.00 0.00 0.14 0.12 0.01 0.00 0.25 0.00 0.11 0.02 0.01 0.00 
0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.02 0.01 0.02 0.01 0.03 0.00 0.01 
99.24 98.36 99.07 98.89 98.60 98.38 98.36 98.69 98.37 98.27 98.33 97.78 97.19 98.79 98.67 
0.41 0.41 0.42                         
0.44 0.44 0.45                         
0.16 0.15 0.13                         
0 0 0                         
74 74 78                         
      0.36 0.47 0.40 0.46 0.36 0.44 0.39 0.41 0.51 0.59 0.60 0.40 
      0.53 0.48 0.54 0.49 0.56 0.49 0.50 0.47 0.44 0.38 0.37 0.49 
      0.11 0.06 0.07 0.05 0.08 0.07 0.11 0.11 0.05 0.03 0.03 0.11 
                              
                              




Table A5 (Continued): 
                          Cactus Hill 
plag6-7 plag7-1 plag7-2 plag8-1 plag8-2 plag8-3 plag8-4 plag8-5 plag8-6 plag8-7 plag8-8 plag8-9 plag8-10 cpx1 
56.07 56.78 56.44 54.93 56.48 55.93 55.29 55.79 57.00 55.88 57.18 57.41 56.85 49.33 
0.16 0.13 0.11 0.08 0.11 0.19 0.09 0.06 0.13 0.05 0.07 0.17 0.28 0.96 
26.21 26.13 26.80 27.91 26.05 25.81 26.71 26.66 25.52 27.37 25.94 25.10 24.93 4.39 
0.53 0.51 0.86 0.58 0.59 0.98 0.63 0.62 0.86 0.57 0.50 0.78 1.00 6.86 
0.00 0.04 0.00 0.01 0.01 0.00 0.01 0.00 0.02 0.03 0.00 0.00 0.01 0.14 
0.17 0.04 0.33 0.04 0.07 0.18 0.12 0.09 0.24 0.04 0.07 0.19 0.45 15.37 
8.53 8.03 8.69 9.93 8.44 8.59 9.61 8.97 7.97 9.50 7.82 7.61 7.97 20.44 
5.39 5.79 5.33 4.93 5.58 5.43 4.53 5.25 5.19 4.78 5.61 5.41 5.44 0.46 
1.03 1.22 0.78 0.76 0.97 1.62 1.12 0.88 1.32 0.82 1.28 1.47 1.25 0.01 
0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.25 
0.02 0.06 0.03 0.00 0.04 0.10 0.38 0.03 0.09 0.00 0.06 0.01 0.03 0.00 
0.00 0.15 0.08 0.00 0.00 0.09 0.00 0.00 0.12 0.15 0.00 0.03 0.00 0.00 
0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.02 0.00 0.00 0.01 0.01 0.01 
98.10 98.83 99.43 99.19 98.35 98.94 98.51 98.39 98.43 99.14 98.53 98.18 98.24 98.26 
                          0.43 
                          0.45 
                          0.11 
                          4 
                          80 
0.44 0.40 0.45 0.50 0.43 0.42 0.50 0.46 0.42 0.50 0.40 0.40 0.41   
0.50 0.53 0.50 0.45 0.51 0.48 0.43 0.49 0.50 0.45 0.52 0.51 0.51   
0.06 0.07 0.05 0.05 0.06 0.09 0.07 0.05 0.08 0.05 0.08 0.09 0.08   
                            
                            




Table A5 (Continued): 
                                
cpx2 cpx3 cpx4 cpx5-1 cpx5-2 cpx6 cpx7 cpx8 cpx9-1 cpx9-2 cpx9-3 cpx9-4 cpx9-5 cpx10-1 cpx10-2 cpx10-3 
51.33 50.63 50.54 50.03 52.12 49.94 49.90 51.22 49.61 51.54 50.93 50.33 51.21 51.42 49.52 50.67 
0.92 0.85 0.75 0.94 0.56 0.90 0.77 0.70 0.87 0.70 0.76 0.86 0.90 0.57 0.89 0.85 
4.42 3.33 2.67 4.35 2.46 4.55 4.23 3.54 3.46 2.15 2.71 2.45 2.73 2.29 4.12 2.77 
7.37 8.55 8.94 6.73 7.53 6.32 6.32 5.97 9.70 8.90 8.96 8.69 9.02 9.49 9.29 9.45 
0.18 0.28 0.30 0.12 0.22 0.06 0.09 0.11 0.24 0.19 0.26 0.25 0.25 0.25 0.18 0.26 
15.86 14.90 15.43 14.98 18.21 14.75 15.71 15.80 14.43 15.49 14.09 15.35 15.18 15.20 14.27 14.86 
20.74 19.63 19.34 20.92 17.76 20.75 20.41 20.21 19.84 20.15 19.59 20.19 20.00 19.14 19.18 19.41 
0.39 0.64 0.56 0.47 0.33 0.52 0.49 0.53 0.42 0.42 0.48 0.52 0.40 0.43 0.57 0.47 
0.05 0.01 0.00 0.02 0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.02 
0.14 0.01 0.03 0.38 0.18 0.71 0.59 0.40 0.06 0.03 0.03 0.00 0.02 0.55 0.23 0.00 
0.01 0.05 0.00 0.03 0.00 0.00 0.09 0.00 0.03 0.00 0.03 0.39 0.00 0.00 0.00 0.02 
0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.03 0.00 0.11 0.00 0.00 0.01 0.00 0.04 0.08 
0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 
101.44 98.89 98.58 99.00 99.40 98.51 98.64 98.53 98.70 99.64 97.85 99.06 99.74 99.36 98.29 98.83 
0.43 0.42 0.40 0.44 0.36 0.45 0.43 0.43 0.42 0.41 0.42 0.42 0.42 0.40 0.41 0.41 
0.45 0.44 0.45 0.44 0.52 0.44 0.46 0.47 0.42 0.44 0.42 0.44 0.44 0.44 0.43 0.44 
0.12 0.14 0.15 0.11 0.12 0.11 0.10 0.10 0.16 0.14 0.15 0.14 0.15 0.16 0.16 0.16 
2 0 1 6 5 9 9 7 1 1 1 0 1 14 4 0 
79 76 75 80 81 81 82 83 73 76 74 76 75 74 73 74 
                                
                                
                                
                                
                                




Table A5 (Continued): 
                                
cpx17-1 cpx17-2 cpx11-1 cpx11-2 cpx12-1 cpx12-2 cpx12-3 cpx13 cpx14 cpx15 cpx16 opx3-1 opx3-2 opx4 opx5 opx6 
51.62 51.16 51.55 50.83 52.71 52.13 51.00 51.24 50.06 50.97 51.11 53.36 52.72 53.67 53.45 52.37 
0.80 0.86 0.81 0.86 0.68 0.55 0.64 0.69 0.78 0.59 0.73 0.40 0.42 0.35 0.36 0.52 
2.52 2.69 2.59 3.01 3.72 2.56 2.93 2.44 4.83 2.70 1.82 1.42 1.27 1.05 1.25 1.96 
9.16 9.38 9.41 8.90 6.90 7.46 8.56 9.80 6.56 9.21 10.14 18.25 18.65 18.43 18.34 18.77 
0.32 0.32 0.25 0.26 0.16 0.23 0.23 0.36 0.13 0.29 0.29 0.46 0.52 0.51 0.52 0.45 
15.18 15.31 14.75 15.16 15.27 17.27 15.52 14.97 15.76 14.89 15.11 24.04 25.31 25.36 25.37 24.81 
19.61 19.78 19.63 20.12 18.26 18.92 18.33 19.13 20.64 19.93 19.19 2.33 1.52 1.59 1.51 1.39 
0.45 0.51 0.49 0.51 0.67 0.31 0.55 0.48 0.46 0.55 0.47 0.09 0.08 0.08 0.07 0.04 
0.00 0.00 0.01 0.00 0.53 0.00 0.01 0.01 0.00 0.03 0.00 0.02 0.00 0.00 0.02 0.00 
0.01 0.01 0.04 0.00 0.06 0.13 0.07 0.00 0.55 0.00 0.02 0.02 0.03 0.03 0.04 0.03 
0.04 0.00 0.00 0.07 0.07 0.05 0.03 0.08 0.02 0.04 0.02 0.00 0.00 0.00 0.03 0.00 
0.09 0.00 0.16 0.29 0.00 0.00 0.21 0.17 0.09 0.00 0.00 0.21 0.00 0.00 0.05 0.10 
0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
99.77 100.02 99.63 99.92 99.05 99.62 98.01 99.30 99.83 99.23 98.93 100.52 100.52 101.08 101.00 100.40 
0.41 0.41 0.41 0.42 0.41 0.39 0.39 0.40 0.43 0.42 0.40 0.05 0.03 0.03 0.03 0.03 
0.44 0.44 0.43 0.44 0.47 0.49 0.46 0.44 0.46 0.43 0.44 0.67 0.69 0.69 0.69 0.68 
0.15 0.15 0.15 0.14 0.12 0.12 0.14 0.16 0.11 0.15 0.16 0.28 0.28 0.28 0.28 0.29 
0 0 1 0 1 3 2 0 7 0 1 1 2 2 2 1 
75 74 74 75 80 80 76 73 81 74 73 70 71 71 71 70 
                                
                                
                                
                                
                                




Table A5 (Continued): 
                                
opx9 opx10 opx11 opx12 opx12 opx13 plag1 plag3-1 plag3-2 plag4-1 plag4-2 plag4-3 plag5-1 plag5-2 plag5-3 plag5-5 
54.44 53.38 52.96 52.99 53.63 53.60 55.05 55.83 54.86 55.24 54.08 54.01 55.39 54.40 54.60 53.65 
0.44 0.42 0.29 0.38 0.37 0.37 0.09 0.12 0.12 0.18 0.08 0.07 0.05 0.08 0.09 0.10 
1.51 1.36 1.47 1.23 1.06 1.18 26.95 26.75 27.55 26.85 26.92 28.20 27.39 26.80 27.18 28.57 
18.06 18.40 18.33 18.55 17.03 17.29 0.55 0.64 0.54 0.76 0.49 0.53 0.59 0.53 0.55 0.63 
0.54 0.46 0.46 0.49 0.54 0.55 0.00 0.02 0.00 0.03 0.00 0.01 0.05 0.00 0.01 0.01 
25.45 25.51 25.14 23.67 26.46 26.19 0.06 0.10 0.09 0.24 0.06 0.07 0.10 0.06 0.10 0.07 
1.49 1.43 1.35 1.58 1.69 1.68 9.44 9.16 9.80 9.37 10.38 10.44 9.24 9.54 9.67 10.83 
0.05 0.07 0.05 0.02 0.01 0.02 5.00 5.34 5.17 4.62 4.78 4.74 5.15 5.25 4.97 4.79 
0.00 0.00 0.01 0.02 0.00 0.01 0.78 1.09 0.84 1.52 0.78 0.71 0.88 0.86 0.94 0.67 
0.04 0.07 0.03 0.01 0.00 0.02 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.03 0.06 0.02 0.07 0.02 0.06 0.01 0.02 0.02 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.12 0.11 0.05 0.04 0.00 0.14 0.00 
0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 
102.07 101.11 100.10 98.96 100.83 100.92 98.09 99.09 99.13 98.91 97.71 98.85 98.91 97.56 98.21 99.33 
0.03 0.03 0.03 0.03 0.03 0.03                     
0.69 0.69 0.69 0.67 0.71 0.71                     
0.28 0.28 0.28 0.30 0.26 0.26                     
2 3 1 1 0 1                     
72 71 71 69 73 73                     
            0.49 0.45 0.49 0.48 0.52 0.53 0.47 0.48 0.49 0.53 
            0.47 0.48 0.46 0.43 0.43 0.43 0.48 0.47 0.45 0.43 
            0.05 0.06 0.05 0.09 0.05 0.04 0.05 0.05 0.06 0.04 
                                
                                




Table A5 (Continued): 
                            CH Dacite 
plag5-6 plag5-7 plag5-8 plag6 plag8-1 plag8-2 plag11 plag12 plag14 plag16-1 plag16-2 plag17-2 plag18-1 plag18-3 mtx-plag1 
53.48 55.32 55.46 58.49 54.20 53.99 54.40 58.41 56.00 55.39 55.73 54.73 54.93 55.76 55.55 
0.08 0.04 0.12 0.14 0.10 0.09 0.07 0.11 0.01 0.07 0.06 0.21 0.07 0.06 0.08 
28.83 27.08 26.58 24.48 28.20 26.51 28.12 24.68 26.47 26.89 27.07 26.50 27.18 26.85 28.19 
0.59 0.51 0.63 0.97 0.60 0.73 0.66 0.80 0.62 0.56 0.51 0.94 0.71 0.63 0.62 
0.04 0.00 0.04 0.02 0.03 0.02 0.00 0.05 0.00 0.02 0.00 0.00 0.06 0.00 0.03 
0.05 0.04 0.34 0.16 0.08 0.13 0.07 0.12 0.08 0.23 0.08 0.46 0.30 0.06 0.06 
11.07 9.18 9.00 6.82 10.68 10.60 10.66 7.00 8.78 8.98 9.10 9.50 9.47 9.13 10.11 
4.48 5.48 5.20 5.95 4.25 4.55 4.76 6.08 5.44 5.14 5.38 4.69 5.08 4.68 4.96 
0.59 0.91 1.03 1.98 0.78 0.74 0.79 1.72 1.01 1.01 0.95 1.48 0.91 0.94 0.63 
0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.02 0.00 
0.00 0.00 0.06 0.03 0.03 0.03 0.01 0.03 0.00 0.00 0.00 0.09 0.00 0.01 0.03 
0.00 0.01 0.03 0.20 0.00 0.05 0.14 0.04 0.00 0.06 0.13 0.00 0.00 0.04 0.10 
0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
99.27 98.58 98.49 99.17 98.98 97.41 99.64 99.06 98.43 98.33 98.95 98.61 98.72 98.18 100.31 
                              
                              
                              
                              
                              
0.56 0.45 0.46 0.34 0.55 0.54 0.53 0.35 0.44 0.46 0.46 0.48 0.48 0.49 0.51 
0.41 0.49 0.48 0.54 0.40 0.42 0.43 0.55 0.50 0.48 0.49 0.43 0.47 0.45 0.45 
0.04 0.05 0.06 0.12 0.05 0.04 0.05 0.10 0.06 0.06 0.06 0.09 0.05 0.06 0.04 
                              
                              




Table A5 (Continued): 
                                
mtx-plag2 plag2 plag3 plag4 plag5-1 plag5-2 plag6 plag7 plag8 plag9 plag10 plag11 Plag1-1 Plag1-2 Plag1-3 Plag1-4 
58.40 58.14 56.07 58.90 56.59 55.55 57.48 53.34 54.27 54.30 54.20 53.10 58.49 54.00 56.61 57.36 
0.07 0.10 0.07 0.02 0.02 0.05 0.07 0.08 0.04 0.07 0.04 0.08 0.18 0.04 0.06 0.04 
26.19 25.81 27.54 26.68 27.36 28.24 26.78 29.18 29.40 29.07 28.73 29.51 27.04 27.75 27.37 27.00 
0.88 0.65 0.51 0.51 0.52 0.58 0.69 0.56 0.47 0.49 0.46 0.52 0.86 0.61 0.55 0.52 
0.02 0.05 0.02 0.00 0.00 0.00 0.04 0.02 0.02 0.02 0.01 0.00 0.00 0.00 0.04 0.00 
0.06 0.06 0.04 0.04 0.04 0.06 0.03 0.03 0.05 0.04 0.04 0.05 0.07 0.07 0.06 0.05 
8.23 7.53 9.59 8.10 9.46 10.36 8.74 11.81 11.54 11.46 10.65 12.06 9.51 10.29 9.67 8.82 
6.02 5.98 5.47 6.38 5.62 5.14 5.70 4.46 4.49 4.39 4.23 4.31 5.00 5.21 5.41 5.91 
1.04 1.02 0.73 1.12 0.77 0.64 0.85 0.45 0.52 0.50 0.60 0.45 1.17 0.73 0.78 0.86 
0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.02 0.00 0.00 0.00 0.00 
0.00 0.05 0.00 0.07 0.03 0.02 0.00 0.08 0.00 0.00 0.03 0.01 0.00 0.05 0.03 0.03 
0.00 0.00 0.00 0.09 0.00 0.00 0.01 0.02 0.11 0.00 0.00 0.00 0.01 0.16 0.07 0.02 
0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.05 0.01 0.01 0.00 0.01 0.00 
100.95 99.41 100.08 101.87 100.44 100.65 100.42 100.01 100.88 100.37 99.11 100.13 102.34 98.84 100.66 100.59 
                                
                                
                                
                                
                                
0.40 0.38 0.47 0.39 0.46 0.51 0.44 0.58 0.57 0.57 0.56 0.59 0.48 0.50 0.47 0.43 
0.54 0.55 0.49 0.55 0.50 0.46 0.51 0.40 0.40 0.40 0.40 0.38 0.45 0.46 0.48 0.52 
0.06 0.06 0.04 0.06 0.04 0.04 0.05 0.03 0.03 0.03 0.04 0.03 0.07 0.04 0.05 0.05 
                                
                                




Table A5 (Continued): 
                              
plag3-1 plag3-2 plag4-1 plag4-2 plag4-3 plag4-4 plag4-5 plag4-6 plag4-7 plag4-8 plag4-9 plag4-10 plag5-1 plag5-2 mtx-pl1 
63.98 59.70 57.14 59.83 58.48 57.86 54.97 58.23 54.12 59.29 59.50 59.00 59.77 54.92 55.80 
0.14 0.17 0.02 0.08 0.05 0.00 0.02 0.06 0.09 0.10 0.04 0.06 0.08 0.00 0.02 
21.19 24.57 26.58 24.02 25.81 24.60 27.97 26.55 28.07 26.63 25.48 25.71 24.44 28.30 27.37 
0.67 0.85 0.61 0.51 0.56 0.53 0.56 0.44 0.53 0.52 0.50 0.53 0.59 0.57 0.70 
0.00 0.00 0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
0.08 0.15 0.03 0.03 0.04 0.04 0.01 0.05 0.16 0.08 0.03 0.05 0.07 0.04 0.04 
4.26 7.07 9.04 6.90 7.71 8.14 10.03 8.63 10.35 8.49 7.49 7.72 6.95 10.86 9.94 
6.20 6.00 5.71 6.49 6.13 5.86 4.70 5.96 4.67 5.85 6.27 6.29 6.04 5.04 5.17 
3.11 1.48 0.93 1.36 1.04 1.01 0.62 0.89 0.71 1.08 1.19 1.09 1.49 0.60 0.74 
0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
0.10 0.03 0.16 0.05 0.02 0.02 0.00 0.00 0.08 0.03 0.00 0.06 0.00 0.07 0.03 
0.00 0.20 0.00 0.00 0.10 0.00 0.01 0.00 0.05 0.22 0.33 0.10 0.00 0.00 0.00 
0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
99.75 100.19 100.23 99.28 99.92 98.06 98.93 100.85 98.83 102.22 100.72 100.58 99.44 100.39 99.82 
                              
                              
                              
                              
                              
0.22 0.36 0.44 0.34 0.38 0.41 0.52 0.42 0.53 0.42 0.37 0.38 0.35 0.52 0.49 
0.58 0.55 0.50 0.58 0.55 0.53 0.44 0.53 0.43 0.52 0.56 0.56 0.56 0.44 0.46 
0.19 0.09 0.05 0.08 0.06 0.06 0.04 0.05 0.04 0.06 0.07 0.06 0.09 0.03 0.04 
                              
                              




Table A5 (Continued): 
                              
mtx-pl2 plag6-1 plag6-2 plag6-3 plag6-4 plag6-5 plag6-6 plag6-7 plag6-8 mtx-pl3 mtx-pl4 mtx-pl5 mtx-pl6 mtx-pl8 plag7-1 
54.12 58.18 58.68 57.08 57.88 59.40 57.07 55.46 57.42 57.06 58.53 60.52 56.64 56.47 55.84 
0.09 0.10 0.04 0.01 0.07 0.28 0.02 0.04 0.04 0.06 0.07 0.09 0.08 0.09 0.07 
28.89 25.02 25.85 26.71 26.15 24.32 26.48 27.85 26.53 25.77 25.67 24.40 27.12 27.48 27.05 
0.67 0.59 0.39 0.38 0.65 0.99 0.77 0.45 0.71 0.64 0.78 0.73 0.70 0.77 0.53 
0.02 0.01 0.02 0.00 0.00 0.04 0.01 0.00 0.01 0.00 0.04 0.02 0.04 0.01 0.03 
0.08 0.06 0.02 0.02 0.02 0.12 0.11 0.04 0.04 0.05 0.06 0.03 0.07 0.05 0.07 
11.06 8.38 8.42 9.28 8.62 7.28 8.75 9.65 8.54 8.55 8.06 6.27 9.37 9.94 10.02 
4.41 5.69 6.08 5.36 5.92 5.37 5.12 5.14 5.85 5.07 5.68 6.63 5.13 5.40 5.30 
0.60 1.13 0.98 0.77 0.92 1.85 0.91 0.66 0.84 1.08 1.38 1.60 0.83 0.72 0.89 
0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.02 0.00 0.01 0.00 0.03 
0.00 0.04 0.00 0.00 0.06 0.00 0.01 0.07 0.00 0.00 0.03 0.00 0.00 0.01 0.05 
0.00 0.31 0.08 0.02 0.18 0.00 0.20 0.11 0.00 0.00 0.01 0.15 0.00 0.00 0.03 
0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
99.96 99.41 100.53 99.63 100.40 99.70 99.42 99.44 100.00 98.30 100.33 100.37 99.99 100.96 99.91 
                              
                              
                              
                              
                              
0.56 0.42 0.41 0.47 0.42 0.38 0.46 0.49 0.42 0.45 0.40 0.31 0.48 0.48 0.48 
0.40 0.51 0.53 0.49 0.52 0.51 0.49 0.47 0.53 0.48 0.51 0.60 0.47 0.48 0.46 
0.04 0.07 0.06 0.05 0.05 0.11 0.06 0.04 0.05 0.07 0.08 0.09 0.05 0.04 0.05 
                              
                              




Table A5 (Continued): 
                            
plag7-2 plag7-3 olivine1-1 olivine1-2 olivine2 olivine3-1 olivine3-2 olivine3-3 cpx1-1 cpx1-2 cpx2 cpx3-1 cpx3-2 cpx3-3 
56.04 56.65 40.19 39.95 39.02 40.05 39.71 39.26 51.69 52.13 49.62 50.54 51.04 51.29 
0.08 0.13 0.03 0.00 0.02 0.00 0.00 0.00 0.96 0.77 1.33 1.05 0.95 0.81 
27.43 27.04 0.05 0.03 0.12 0.03 0.01 0.10 3.39 1.42 4.96 4.31 3.89 3.05 
0.65 0.64 17.49 18.86 21.89 17.83 17.87 18.32 8.33 9.42 8.96 6.04 5.67 10.68 
0.01 0.01 0.21 0.23 0.23 0.22 0.25 0.26 0.19 0.32 0.19 0.08 0.10 0.26 
0.08 0.04 43.13 43.37 39.44 43.94 44.39 42.91 16.09 15.99 15.15 15.25 15.69 14.35 
9.66 8.90 0.17 0.18 0.30 0.16 0.19 0.25 18.98 18.40 19.24 21.35 21.24 18.58 
5.24 4.92 0.01 0.01 0.00 0.00 0.01 0.01 0.49 0.38 0.48 0.47 0.44 0.73 
0.70 0.86 0.02 0.00 0.04 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
0.01 0.00 0.01 0.03 0.00 0.02 0.07 0.02 0.16 0.00 0.07 0.74 0.47 0.15 
0.00 0.00 0.05 0.02 0.04 0.06 0.04 0.01 0.01 0.02 0.02 0.01 0.00 0.00 
0.00 0.05 0.00 0.00 0.08 0.13 0.00 0.00 0.19 0.17 0.07 0.00 0.00 0.00 
0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 
99.89 99.23 101.36 102.68 101.14 102.37 102.54 101.16 100.41 98.95 100.08 99.83 99.51 99.93 
                0.40 0.38 0.41 0.45 0.45 0.40 
                0.47 0.46 0.45 0.45 0.46 0.43 
                0.14 0.15 0.15 0.10 0.09 0.18 
                3 0 1 10 8 3 
                77 75 75 82 83 71 
0.48 0.47                         
0.47 0.47                         
0.04 0.05                         
    0.81 0.80 0.76 0.81 0.81 0.80             
    0.18 0.20 0.24 0.18 0.18 0.19             




Table A5 (Continued): 
                                  
cpx3-4 cpx3-5 cpx3-6 cpx4 cpx5 cpx6-1 cpx6-2 cpx1 cpx2 cpx7 cpx8 cpx9 mtx-opx1 opx1-1 opx1-2 opx1-3 opx1-4 
52.20 50.94 51.52 51.68 52.27 51.29 51.75 51.69 52.10 51.77 51.45 52.12 54.25 53.61 53.74 54.11 53.61 
0.89 0.86 0.82 0.72 0.70 0.77 0.69 0.70 0.63 0.61 0.69 0.64 0.08 0.35 0.42 0.42 0.34 
3.02 3.00 3.06 2.35 2.28 3.08 2.54 2.17 1.84 2.49 2.53 1.75 0.35 1.28 1.22 1.42 1.41 
10.83 10.65 10.87 10.14 10.05 9.48 9.51 10.62 10.25 10.26 10.98 10.57 20.83 19.29 19.33 19.40 19.44 
0.22 0.25 0.28 0.29 0.34 0.26 0.27 0.33 0.30 0.31 0.28 0.41 0.73 0.47 0.42 0.49 0.46 
14.57 14.39 14.58 14.70 15.04 14.76 14.92 14.62 15.22 14.48 14.80 14.92 23.95 24.57 24.50 24.66 24.65 
19.23 18.88 19.01 19.62 19.13 19.88 19.29 19.50 19.73 19.24 18.56 19.72 0.97 1.60 1.51 1.65 1.61 
0.65 0.67 0.71 0.50 0.50 0.52 0.47 0.46 0.44 0.53 0.46 0.35 0.05 0.09 0.06 0.04 0.04 
0.02 0.01 0.01 0.01 0.00 0.00 0.04 0.01 0.00 0.00 0.03 0.02 0.01 0.00 0.01 0.01 0.00 
0.20 0.14 0.15 0.01 0.00 0.24 0.00 0.03 0.01 0.07 0.07 0.00 0.00 0.00 0.04 0.01 0.02 
0.03 0.02 0.02 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.04 0.00 0.00 0.00 
0.19 0.00 0.00 0.00 0.00 0.22 0.20 0.00 0.04 0.00 0.18 0.07 0.00 0.00 0.00 0.00 0.14 
0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
102.01 99.81 101.06 100.06 100.35 100.44 99.63 100.13 100.59 99.79 99.97 100.60 101.23 101.32 101.26 102.24 101.67 
0.40 0.40 0.40 0.41 0.40 0.42 0.41 0.41 0.40 0.41 0.39 0.40 0.02 0.03 0.03 0.03 0.03 
0.42 0.42 0.42 0.43 0.44 0.43 0.44 0.42 0.43 0.43 0.43 0.43 0.66 0.67 0.67 0.67 0.67 
0.18 0.18 0.18 0.16 0.16 0.15 0.16 0.17 0.16 0.17 0.18 0.17 0.32 0.30 0.30 0.30 0.30 
4 3 3 0 0 5 0 1 0 2 2 0 0 0 2 0 1 
71 71 70 72 73 74 74 71 73 72 71 72 67 69 69 69 69 
                                  
                                  
                                  
                                  
                                  




Table A5 (Continued): 
                                  
opx1-5 opx2-1 opx2-2 opx3 opx4 opx5-1 opx5-2 opx5-3 opx5-4 opx5-5 opx5-6 opx5-7 opx5-8 opx5-9 opx5-10 opx5-11 opx5-12 
54.05 55.52 53.95 53.17 53.86 54.18 53.74 53.56 54.30 54.40 54.08 53.61 53.50 53.36 54.04 54.27 54.98 
0.35 0.28 0.28 0.33 0.30 0.41 0.40 0.34 0.28 0.30 0.31 0.35 0.35 0.40 0.27 0.26 0.27 
1.45 0.84 0.76 1.43 1.13 0.70 0.85 1.20 1.12 0.95 1.15 1.35 1.60 1.92 1.22 1.04 0.72 
19.71 15.56 19.86 19.45 20.46 19.92 20.28 19.60 19.28 18.78 18.95 18.68 19.26 19.75 18.10 19.46 20.38 
0.53 0.41 0.61 0.51 0.58 0.60 0.58 0.55 0.48 0.55 0.49 0.52 0.49 0.50 0.34 0.54 0.67 
24.30 27.39 24.02 23.51 23.67 24.09 24.08 24.63 24.64 24.64 25.03 24.61 23.94 23.83 25.66 24.02 24.51 
1.62 1.60 1.56 1.52 1.50 1.38 1.12 1.03 1.02 1.08 1.04 1.02 1.10 1.11 0.98 1.06 1.18 
0.08 0.06 0.06 0.02 0.04 0.02 0.07 0.05 0.07 0.02 0.04 0.04 0.00 0.04 0.01 0.04 0.05 
0.00 0.02 0.02 0.01 0.01 0.03 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
0.04 0.03 0.00 0.04 0.01 0.02 0.01 0.10 0.04 0.01 0.01 0.00 0.00 0.02 0.04 0.05 0.02 
0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.04 0.00 0.00 0.02 0.01 0.00 0.01 0.00 0.03 0.05 
0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.07 0.20 0.00 0.00 0.00 0.02 0.00 
0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.00 
102.19 101.71 101.13 99.98 101.59 101.36 101.16 101.11 101.25 100.75 101.21 100.31 100.25 100.95 100.67 100.81 102.85 
0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
0.67 0.73 0.66 0.66 0.65 0.66 0.66 0.68 0.68 0.69 0.69 0.69 0.67 0.67 0.70 0.67 0.67 
0.30 0.23 0.31 0.31 0.32 0.31 0.31 0.30 0.30 0.29 0.29 0.29 0.30 0.31 0.28 0.31 0.31 
2 2 0 2 1 2 1 5 2 1 1 0 0 1 2 3 2 
69 76 68 68 67 68 68 69 69 70 70 70 69 68 72 69 68 
                                  
                                  
                                  
                                  
                                  




Table A5 (Continued): 
                  I-15 Cactus Hill           
opx6 opx7 opx8 opx9 opx10-1 opx10-2 opx11 opx12 mtx-opx1 mtx-plag1 mtx-plag2 mtx-plag3 mtx-plag4 mtx-plag5 plag1-1 
53.51 53.47 53.75 53.46 54.29 54.01 53.86 53.16 54.72 54.67 55.37 55.84 66.89 54.94 54.67 
0.40 0.42 0.35 0.38 0.38 0.32 0.38 0.35 0.40 0.10 0.13 0.09 0.29 0.18 0.16 
1.56 1.41 1.42 1.48 1.54 1.16 1.41 1.81 1.32 28.00 28.04 27.38 20.00 27.80 27.82 
20.07 19.02 20.10 20.85 18.32 19.72 19.09 19.88 16.14 1.04 0.91 0.91 0.45 1.07 0.76 
0.50 0.46 0.50 0.50 0.45 0.52 0.47 0.53 0.51 0.00 0.02 0.02 0.00 0.04 0.02 
24.15 25.01 24.35 23.68 25.49 24.67 24.83 23.39 26.87 0.11 0.10 0.09 0.01 0.09 0.08 
1.45 1.48 1.51 1.41 1.44 1.47 1.46 1.46 1.71 10.23 10.67 10.01 1.23 10.51 10.52 
0.02 0.04 0.04 0.02 0.03 0.00 0.06 0.03 0.06 4.66 4.92 5.45 4.93 4.76 4.96 
0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.00 0.04 0.87 0.81 0.70 6.03 0.73 0.75 
0.02 0.04 0.02 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.03 0.00 0.00 
0.00 0.00 0.00 0.00 0.05 0.07 0.02 0.00 0.04 0.02 0.02 0.09 0.00 0.01 0.08 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.16 0.03 0.00 0.03 0.17 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 
101.68 101.36 102.05 101.83 101.98 101.93 101.61 100.62 101.84 99.71 101.14 100.59 99.86 100.18 99.92 
0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03             
0.66 0.68 0.66 0.65 0.69 0.67 0.68 0.66 0.72             
0.31 0.29 0.31 0.32 0.28 0.30 0.29 0.31 0.24             
1 2 1 1 0 0 0 0 0             
68 70 68 67 71 69 70 68 75             
                  0.52 0.52 0.48 0.07 0.53 0.52 
                  0.43 0.43 0.48 0.51 0.43 0.44 
                  0.05 0.05 0.04 0.41 0.04 0.04 
                              
                              




Table A5 (Continued): 
                                
plag1-2 plag2-1 plag2-2 plag4-1 plag4-2 plag4-3 plag4-4 plag4-5 plag4-6 plag4-7 plag4-8 plag5-1 plag5-2 plag5-3 plag5-4 plag5-5 
54.71 55.76 56.34 54.68 55.86 55.07 55.66 56.47 54.97 56.44 57.08 55.71 55.04 54.53 54.95 56.15 
0.13 0.12 0.13 0.13 0.11 0.07 0.14 0.14 0.09 0.12 0.14 0.13 0.09 0.09 0.10 0.12 
27.56 27.58 26.78 28.41 27.33 27.65 27.67 27.15 27.58 27.31 26.33 27.61 27.82 28.17 27.84 27.34 
0.69 0.68 0.59 0.81 0.65 0.72 0.68 0.63 0.77 0.65 0.67 0.76 0.67 0.70 0.74 0.70 
0.03 0.00 0.03 0.00 0.01 0.03 0.05 0.02 0.02 0.04 0.02 0.01 0.00 0.00 0.01 0.01 
0.08 0.08 0.07 0.08 0.06 0.09 0.11 0.06 0.09 0.07 0.08 0.05 0.06 0.09 0.09 0.07 
9.68 9.71 8.89 11.09 9.67 10.27 9.58 8.89 9.86 9.54 8.64 9.88 10.16 10.59 10.14 9.61 
4.97 4.95 5.03 4.21 4.97 4.66 4.89 5.17 4.80 5.12 5.64 4.81 4.83 4.56 4.68 5.12 
1.17 1.04 1.49 1.00 1.20 1.02 1.14 1.26 1.17 1.21 0.75 1.03 1.06 0.90 1.09 1.20 
0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.04 
0.00 0.01 0.05 0.05 0.02 0.07 0.03 0.03 0.00 0.00 0.01 0.02 0.02 0.00 0.04 0.03 
0.00 0.00 0.07 0.03 0.00 0.04 0.14 0.04 0.00 0.00 0.00 0.06 0.09 0.00 0.00 0.11 
0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
99.04 99.95 99.45 100.50 99.87 99.68 100.02 99.87 99.36 100.50 99.35 100.06 99.82 99.65 99.70 100.45 
                                
                                
                                
                                
                                
0.48 0.49 0.45 0.56 0.48 0.52 0.48 0.45 0.49 0.47 0.44 0.50 0.50 0.53 0.51 0.47 
0.45 0.45 0.46 0.38 0.45 0.42 0.45 0.47 0.44 0.46 0.52 0.44 0.43 0.41 0.43 0.46 
0.07 0.06 0.09 0.06 0.07 0.06 0.07 0.08 0.07 0.07 0.05 0.06 0.06 0.05 0.07 0.07 
                                
                                




Table A5 (Continued): 
                              
plag5-6 plag5-7 plag5-8 plag5-9 plag5-10 plag5-11 olivine1-1 olivine1-2 olivine1-3 olivine1-4 olivine2-1 olivine2-2 olivine2-3 olivine2-4 olivine2-5 
56.12 55.55 53.87 53.56 53.29 54.53 40.01 37.67 38.97 38.39 39.61 40.41 40.39 39.59 39.39 
0.09 0.11 0.10 0.10 0.09 0.12 0.04 0.02 0.03 0.03 0.01 0.00 0.03 0.02 0.02 
27.20 27.52 28.07 28.63 29.00 27.88 0.96 0.01 0.01 0.83 0.01 0.06 0.05 0.05 0.04 
0.74 0.66 0.75 0.74 0.70 0.94 30.98 24.16 23.82 30.10 18.97 14.98 16.61 21.00 21.38 
0.00 0.01 0.02 0.00 0.01 0.00 0.27 0.50 0.44 0.24 0.33 0.20 0.23 0.34 0.31 
0.07 0.10 0.06 0.09 0.07 0.15 23.04 39.17 39.56 23.88 43.39 45.96 44.57 41.57 41.12 
9.28 9.71 11.14 11.43 11.27 10.56 0.97 0.24 0.21 0.95 0.20 0.15 0.18 0.21 0.18 
4.68 4.83 4.34 4.19 4.11 4.91 0.01 0.00 0.00 0.01 0.01 0.00 0.04 0.00 0.00 
1.26 1.15 0.81 0.84 0.84 0.70 0.15 0.00 0.02 0.07 0.00 0.00 0.01 0.01 0.02 
0.02 0.01 0.01 0.00 0.00 0.04 0.01 0.00 0.02 0.01 0.01 0.08 0.00 0.02 0.03 
0.04 0.06 0.08 0.01 0.03 0.05 0.10 0.13 0.01 0.05 0.00 0.02 0.02 0.06 0.04 
0.00 0.05 0.04 0.13 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.03 0.10 0.00 0.00 
0.02 0.00 0.00 0.01 0.01 0.02 0.02 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.00 
99.50 99.74 99.28 99.68 99.42 99.94 96.55 101.92 103.07 94.56 102.55 101.87 102.21 102.85 102.52 
                              
                              
                              
                              
                              
0.48 0.49 0.56 0.57 0.57 0.52                   
0.44 0.44 0.39 0.38 0.38 0.44                   
0.08 0.07 0.05 0.05 0.05 0.04                   
            0.57 0.74 0.74 0.58 0.80 0.84 0.83 0.78 0.77 
            0.43 0.26 0.25 0.41 0.20 0.15 0.17 0.22 0.23 




Table A5 (Continued): 
                            
olivine4-2 olivine4-3 olivine5-2 olivine5-3 olivine5-4 olivine5-5 olivine6-2 olivine6-3 olivine6-4 olivine6-5 olivine7-3 olivine7-5 olivine7-6 olivine7-7 
39.46 40.01 41.03 40.43 40.97 41.01 39.17 39.05 39.00 39.10 39.67 38.93 38.97 38.90 
0.00 0.04 0.01 0.05 0.00 0.06 0.00 0.03 0.01 0.01 0.01 0.04 0.00 0.00 
0.02 0.05 0.00 0.05 0.04 0.08 0.04 0.04 0.01 0.02 0.03 0.01 0.04 0.01 
17.63 17.00 13.75 12.65 13.93 16.93 23.80 24.04 23.99 23.61 23.54 23.87 23.99 23.55 
0.27 0.20 0.18 0.16 0.22 0.25 0.51 0.47 0.43 0.51 0.47 0.43 0.46 0.38 
43.36 44.54 47.28 46.45 46.42 44.62 39.46 38.83 38.97 39.06 40.04 38.81 39.64 39.54 
0.20 0.18 0.17 0.22 0.18 0.14 0.24 0.22 0.22 0.22 0.23 0.22 0.20 0.19 
0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.05 0.01 0.01 0.05 0.02 0.05 0.04 
0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.02 0.01 0.11 0.06 0.03 0.03 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
0.11 0.08 0.06 0.12 0.01 0.03 0.04 0.03 0.09 0.09 0.06 0.01 0.05 0.05 
0.00 0.00 0.09 0.05 0.00 0.00 0.05 0.00 0.00 0.07 0.00 0.00 0.03 0.12 
0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 
101.11 102.15 102.68 100.29 101.80 103.17 103.32 102.78 102.72 102.67 104.11 102.33 103.43 102.73 
                            
                            
                            
                            
                            
                            
                            
                            
0.81 0.82 0.86 0.87 0.85 0.82 0.74 0.74 0.74 0.74 0.75 0.74 0.74 0.75 
0.19 0.18 0.14 0.13 0.14 0.18 0.25 0.26 0.26 0.25 0.25 0.26 0.25 0.25 




Table A5 (Continued): 
                                    
mtx-ol1 mtx-cpx1 cpx1 cpx2 cpx3-1 cpx3-2 cpx3-3 cpx3-4 cpx3-5 cpx3-6 cpx4 cpx5-1 cpx5-2 cpx5-3 cpx5-4 cpx6-1 cpx6-2 cpx7 
37.28 47.93 51.08 49.82 51.16 51.16 51.04 51.20 51.41 51.25 51.00 50.94 51.63 51.58 51.17 51.59 51.43 50.88 
0.12 2.06 1.15 1.14 1.13 1.14 0.97 1.02 0.96 1.08 1.13 1.22 1.08 1.12 1.26 1.19 0.99 1.21 
0.03 5.14 2.86 4.02 3.26 2.99 2.74 2.96 2.75 2.65 3.20 3.21 2.88 2.88 3.21 3.27 2.62 3.27 
33.81 8.93 8.40 6.17 8.09 8.81 9.21 9.05 8.88 9.11 8.22 8.44 8.13 8.91 8.90 8.97 8.73 8.93 
0.72 0.17 0.21 0.11 0.18 0.21 0.20 0.23 0.26 0.24 0.24 0.24 0.24 0.26 0.24 0.24 0.21 0.24 
30.28 13.84 15.78 15.45 15.16 15.48 15.64 15.86 15.54 15.68 15.47 15.43 15.41 14.98 15.66 15.67 15.53 15.61 
0.31 20.62 19.71 21.85 20.79 19.10 18.86 19.11 19.05 19.11 20.40 19.41 20.34 19.31 19.58 19.20 19.16 19.22 
0.01 0.44 0.50 0.35 0.43 0.53 0.65 0.54 0.56 0.51 0.48 0.50 0.51 0.62 0.63 0.58 0.58 0.49 
0.04 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
0.00 0.17 0.10 0.56 0.05 0.06 0.14 0.16 0.15 0.11 0.01 0.06 0.07 0.10 0.05 0.08 0.16 0.03 
0.18 0.05 0.00 0.02 0.02 0.02 0.06 0.00 0.00 0.06 0.05 0.02 0.00 0.05 0.03 0.03 0.00 0.00 
0.00 0.00 0.00 0.04 0.00 0.00 0.07 0.00 0.04 0.00 0.14 0.00 0.17 0.00 0.07 0.07 0.00 0.00 
0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 
102.82 99.39 99.80 99.56 100.28 99.52 99.57 100.14 99.58 99.81 100.30 99.48 100.40 99.81 100.75 100.86 99.41 99.89 
  0.44 0.41 0.45 0.43 0.40 0.39 0.40 0.40 0.40 0.42 0.41 0.42 0.41 0.41 0.40 0.40 0.40 
  0.41 0.46 0.45 0.44 0.45 0.46 0.46 0.45 0.45 0.45 0.45 0.45 0.44 0.45 0.45 0.45 0.45 
  0.15 0.14 0.10 0.13 0.14 0.15 0.15 0.15 0.15 0.13 0.14 0.13 0.15 0.14 0.15 0.14 0.15 
  2 2 9 1 1 3 3 3 3 0 1 2 2 1 2 4 1 
  73 77 82 77 76 75 76 76 75 77 77 77 75 76 76 76 76 
                                    
                                    
                                    
0.61                                   
0.38                                   




Table A6: Mineral Chemistry of oxides, mica, glass, and amphibole (EPMA) 
Unit Mineral    SiO2      TiO2      Al2O3     FeO       MnO       MgO       CaO       Na2O      K2O       Cr2O3     P2O5      F         Cl       Total   
Ulvospinel 0.74 11.49 7.95 66.90 0.73 6.34 0.31 0.04 0.12 0.32 0.00 0.00 0.02 94.95 
Ulvospinel 0.09 11.81 9.13 67.64 0.53 7.92 0.14 0.00 0.00 0.53 0.00 0.00 0.00 97.79 
Ulvospinel 0.11 12.01 9.14 68.16 0.57 7.86 0.16 0.00 0.01 0.30 0.00 0.00 0.01 98.32 
Ulvospinel 0.10 12.16 8.79 67.97 0.53 8.23 0.11 0.00 0.00 0.22 0.04 0.00 0.00 98.15 
Ulvospinel 0.40 11.82 8.88 67.54 0.50 8.04 0.19 0.09 0.03 0.56 0.00 0.00 0.02 98.06 
Ulvospinel 0.15 11.64 9.52 67.22 0.52 8.14 0.17 0.03 0.02 0.53 0.02 0.00 0.01 97.96 
Ulvospinel 0.55 11.57 9.22 67.73 0.59 6.41 0.29 0.02 0.05 0.27 0.04 0.00 0.01 96.75 
Cr-Ulvospinel 0.10 11.24 9.32 67.81 0.51 8.26 0.17 0.00 0.01 1.03 0.00 0.00 0.01 98.44 
glass 54.05 1.27 25.64 3.30 0.09 0.88 1.86 2.57 3.28 0.01 0.59 0.15 0.14 93.74 
glass 53.33 1.32 25.42 3.66 0.10 0.83 1.64 1.22 3.52 0.00 0.62 0.57 0.16 92.13 
glass 53.94 1.43 25.92 3.95 0.06 1.17 1.92 1.16 3.62 0.03 0.60 0.26 0.16 94.07 
glass 53.91 1.27 26.08 3.16 0.08 0.73 1.48 1.27 3.18 0.00 0.59 0.00 0.16 91.87 
glass 53.35 1.24 24.94 2.91 0.08 0.61 3.25 2.23 3.34 0.01 0.63 0.21 0.14 92.83 
glass 53.10 1.39 25.65 4.01 0.10 1.11 1.89 1.19 3.45 0.02 0.74 0.29 0.17 92.96 
glass 54.41 1.08 26.21 2.95 0.07 0.70 1.92 1.31 3.48 0.00 0.63 0.00 0.14 92.85 
glass 53.08 1.39 25.22 4.12 0.09 1.19 2.03 1.33 3.54 0.01 0.70 0.16 0.16 92.91 
glass 53.68 1.38 25.46 3.71 0.09 0.91 1.89 1.28 3.35 0.00 0.60 0.00 0.19 92.50 
glass 52.58 1.38 25.01 4.05 0.09 1.11 1.97 1.27 3.55 0.00 0.69 0.08 0.16 91.85 
Fluorapatite 0.66 0.00 0.04 0.34 0.02 0.28 54.46 0.12 0.06 0.00 39.44 5.14 0.23 98.58 
Fluorapatite 0.68 0.01 0.01 0.30 0.04 0.30 55.21 0.10 0.02 0.01 38.69 6.05 0.23 99.05 
Fluorapatite 1.55 0.06 0.46 0.60 0.01 0.37 53.03 0.37 0.15 0.00 36.59 6.34 0.27 97.07 
Fluorapatite 1.44 0.03 0.45 0.37 0.02 0.43 54.00 0.12 0.09 0.00 37.34 6.14 0.23 98.02 
Fluorapatite 0.72 0.03 0.04 0.49 0.03 0.29 54.52 0.15 0.08 0.00 38.61 6.08 0.24 98.66 
Natrolite 59.93 0.18 26.87 0.55 0.01 0.02 0.51 3.11 0.19 0.02 0.07 0.07 0.01 91.52 
Natrolite 60.74 0.21 28.04 0.52 0.02 0.02 0.36 5.46 0.22 0.01 0.01 0.00 0.00 95.62 
Ca-K zeolite 53.30 0.03 23.53 0.19 0.01 0.14 7.49 0.12 3.19 0.00 0.01 0.05 0.00 88.04 
Lower Hopper Basanite 
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Ca-K zeolite 54.87 0.01 23.06 0.08 0.03 0.16 7.36 0.24 4.45 0.01 0.00 0.02 0.01 90.28 
Ca-K zeolite 53.92 0.01 23.26 0.16 0.00 0.17 7.64 0.11 3.80 0.00 0.00 0.00 0.00 89.06 
Ca-K zeolite 53.00 0.04 23.39 0.25 0.00 0.17 7.23 0.21 4.46 0.00 0.01 0.01 0.00 88.78 
Ca-K zeolite 49.47 1.20 21.39 2.34 0.20 0.53 8.00 0.18 3.30 0.00 0.84 0.00 0.00 87.46 
Ca-K zeolite 49.43 0.00 21.90 0.12 0.00 0.16 7.16 0.22 3.15 0.00 0.02 0.00 0.00 82.15 
Ulvospinel 0.15 13.12 1.48 74.18 0.62 4.90 0.23 0.00 0.03 0.33 0.01 0.00 0.00 95.03 
Ulvospinel 0.17 6.46 1.13 78.33 0.40 4.59 0.29 0.02 0.03 0.15 0.01 0.00 0.01 91.57 
Cr-Ulvospinel 0.04 11.10 1.90 71.45 0.59 4.28 0.04 0.00 0.02 4.30 0.00 0.00 0.00 93.73 
Cr-Ulvospinel 0.19 13.71 1.72 70.03 0.82 5.01 1.06 0.03 0.01 1.73 0.66 0.00 0.00 94.98 
Cr-Ulvospinel 0.08 12.54 1.56 72.54 0.50 4.96 0.23 0.04 0.00 2.43 0.00 0.00 0.01 94.89 
Cr-Ulvospinel 0.05 9.28 1.56 76.21 0.36 4.19 0.29 0.00 0.00 3.04 0.01 0.00 0.00 94.99 
Cr-Ulvospinel 0.05 11.72 1.43 75.91 0.39 4.39 0.16 0.04 0.00 1.42 0.00 0.00 0.00 95.51 
Cr-Ulvospinel 0.04 12.78 2.46 71.37 0.58 5.95 0.35 0.00 0.02 2.15 0.01 0.00 0.01 95.73 
Fluorapatite 0.61 0.02 0.00 0.47 0.02 0.16 56.06 0.16 0.02 0.02 41.81 5.27 0.13 102.51 
Lower Hopper Basanite (+Xenolith) 
Fluorapatite 0.85 0.00 0.00 0.34 0.03 0.31 54.90 0.16 0.03 0.00 41.23 5.33 0.14 101.05 
Ulvospinel 1.62 7.59 0.45 75.66 1.06 3.94 0.55 0.33 0.00 0.19 0.13 0.00 0.01 91.52 
Fluorapatite 6.40 0.07 2.23 0.83 0.05 1.65 44.91 0.29 0.19 0.00 32.78 5.44 0.05 94.90 
Fluorapatite 0.48 0.01 0.07 0.16 0.04 0.23 52.89 0.16 0.02 0.00 37.30 5.73 0.04 97.15 
Fluorapatite 0.22 0.01 0.00 0.21 0.03 0.22 54.07 0.12 0.01 0.00 39.42 5.98 0.10 100.40 
Fluorapatite 0.40 0.00 0.00 0.18 0.02 0.31 55.19 0.11 0.01 0.02 39.39 6.47 0.05 102.15 
Fluorapatite 0.32 0.00 0.00 0.15 0.02 0.27 54.34 0.09 0.01 0.00 39.14 5.83 0.10 100.25 
Fluorapatite 0.24 0.03 0.00 0.13 0.04 0.21 53.85 0.19 0.01 0.00 38.65 4.67 0.10 98.11 
Fluorapatite 0.33 0.02 0.00 0.11 0.01 0.24 54.25 0.11 0.00 0.01 39.38 6.14 0.09 100.70 
Fluorophlogopite 32.48 9.08 13.83 6.46 0.08 15.27 1.05 0.82 6.14 0.00 0.07 2.66 0.02 87.94 
Fluorophlogopite 32.75 8.31 13.12 6.59 0.13 14.84 4.58 0.83 5.42 0.00 2.01 2.71 0.02 91.31 
Natrolite 55.76 0.20 21.78 1.07 0.00 0.47 0.48 8.99 0.09 0.00 0.05 0.18 0.00 89.07 
Natrolite 55.71 0.15 22.05 0.85 0.00 0.35 0.55 9.46 0.07 0.01 0.02 0.00 0.00 89.23 
Ulvospinel 0.27 7.49 1.56 76.29 0.94 6.36 0.75 0.13 0.03 0.13 0.66 0.00 0.00 94.62 
Upper Hopper Basanite (+ Xenolith)  
Ulvospinel 0.21 9.17 3.15 72.31 0.81 7.90 0.08 0.04 0.03 0.17 0.01 0.00 0.01 93.88 
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Ulvospinel 0.25 8.76 3.52 71.74 0.78 8.49 0.40 0.05 0.04 0.18 0.13 0.00 0.00 94.33 
Cr-Ulvospinel 0.12 7.65 0.42 71.88 1.31 4.65 0.34 2.49 0.00 1.64 0.02 0.00 0.00 90.52 
Cr-Ulvospinel 0.05 7.75 1.39 75.81 0.85 5.75 0.13 0.00 0.02 1.01 0.01 0.00 0.00 92.76 
Fluorapatite 1.44 0.02 0.01 0.24 0.05 0.33 54.58 0.14 0.01 0.01 39.56 5.13 0.10 99.44 
Fluorapatite 0.95 0.00 0.00 0.30 0.03 0.30 55.57 0.06 0.00 0.00 40.72 3.93 0.13 100.29 
Fluorophlogopite 33.29 9.27 14.80 6.96 0.07 15.78 0.09 0.81 6.45 0.02 0.00 2.74 0.01 89.15 
glass1 57.65 0.18 23.73 1.63 0.02 3.13 0.61 1.88 0.12 0.00 0.01 0.03 0.00 88.99 
Ca-K zeolite 59.99 0.31 21.85 0.76 0.00 0.00 1.42 6.12 4.22 0.00 0.03 0.00 0.00 94.70 
Upper Hopper Basanite (+ Xenolith) 
Ca-Zeolite 41.27 0.00 17.20 0.12 0.01 0.21 9.45 0.02 0.12 0.01 0.02 0.00 0.00 68.43 
Ulvospinel 0.23 8.38 2.98 77.54 0.67 5.63 0.22 0.00 0.02 0.37 0.00 0.00 0.00 96.05 
Ulvospinel 2.65 7.79 3.95 71.68 0.64 7.07 0.93 0.13 0.09 0.02 0.10 0.00 0.01 95.06 
Cr-Ulvospinel 0.14 8.13 3.78 72.62 0.41 6.40 0.12 0.01 0.02 4.05 0.01 0.00 0.01 95.70 
Cr-Ulvospinel 0.09 8.40 4.02 72.31 0.46 6.55 0.14 0.01 0.02 3.76 0.00 0.00 0.01 95.77 
Cr-Ulvospinel 0.30 8.46 3.52 72.78 0.48 6.38 0.17 0.00 0.01 2.97 0.01 0.00 0.01 95.09 
Cr-Ulvospinel 2.60 7.87 4.08 69.96 0.47 6.87 0.31 0.15 0.22 2.68 0.05 0.00 0.01 95.28 
Cr-Ulvospinel 0.10 9.01 4.17 74.34 0.60 6.35 0.27 0.02 0.01 1.78 0.10 0.00 0.01 96.77 
Cr-Ulvospinel 0.24 9.20 3.37 74.39 0.68 7.15 0.17 0.05 0.04 0.97 0.01 0.00 0.02 96.30 
Cr-Ulvospinel 0.87 14.67 3.35 62.61 0.56 8.04 0.95 0.08 0.07 0.90 0.00 0.00 0.01 92.12 
Cr-Ulvospinel 0.30 7.54 2.89 78.91 0.66 5.39 0.11 0.05 0.04 0.83 0.00 0.00 0.00 96.73 
Cr-Ulvospinel 0.09 9.54 3.49 75.29 0.62 6.89 0.07 0.03 0.02 0.83 0.00 0.00 0.00 96.89 
Ilmenite 0.81 51.60 2.10 32.20 0.13 6.81 0.48 0.19 0.07 0.03 0.00 0.00 0.01 94.44 
Ilmenite 2.02 50.07 1.92 31.00 0.14 7.25 0.39 0.17 0.10 0.02 0.00 0.00 0.02 93.10 
Fluorophlogopite 38.78 7.21 13.74 5.98 0.07 20.51 0.16 0.87 8.80 0.02 0.00 3.75 0.05 99.95 
Fluorophlogopite 38.84 5.74 13.52 5.43 0.06 21.38 0.28 0.80 9.45 0.02 0.00 3.76 0.09 99.36 
Fluorophlogopite 39.94 6.59 12.78 5.17 0.04 21.54 0.21 0.86 9.40 0.02 0.02 3.72 0.06 100.35 
Fluorophlogopite 38.93 6.80 13.36 5.49 0.06 20.58 0.13 0.91 8.98 0.04 0.00 3.65 0.08 99.00 
Fluorophlogopite 40.08 7.57 12.73 5.48 0.07 21.17 0.10 0.98 9.44 0.00 0.01 3.46 0.06 101.15 
Josie 
Fluorophlogopite 38.23 7.03 12.69 5.31 0.05 20.44 0.10 0.84 9.35 0.05 0.01 3.22 0.06 97.38 
McCl Ulvospinel 0.09 7.93 3.41 78.26 0.81 5.19 0.09 0.07 0.06 0.01 0.00 0.00 0.01 95.92 
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Ulvospinel 0.04 7.71 4.10 77.85 0.83 4.89 0.06 0.00 0.03 0.02 0.01 0.00 0.00 95.60 
Ulvospinel 0.34 9.88 0.75 75.35 1.57 1.18 0.80 0.06 0.17 0.01 0.42 0.00 0.00 90.55 
Ulvospinel 0.08 7.40 4.14 76.72 0.82 4.51 0.61 0.02 0.11 0.02 0.04 0.00 0.00 94.56 
Ulvospinel 0.06 7.59 4.35 78.08 0.81 5.56 0.04 0.04 0.04 0.02 0.00 0.00 0.02 96.60 
Ulvospinel 0.05 7.53 4.45 75.89 0.72 5.73 0.02 0.03 0.10 0.03 0.00 0.14 0.00 94.68 
Fluorapatite 0.00 0.00 0.00 0.06 0.02 0.53 53.50 0.28 0.01 0.00 39.60 5.80 0.12 97.62 
Fluorapatite 0.00 0.00 0.00 0.12 0.02 0.51 54.16 0.31 0.01 0.04 39.32 7.14 0.09 98.84 
Fluorapatite 0.00 0.02 0.02 0.31 0.06 0.38 54.49 0.15 0.13 0.00 40.05 7.17 0.06 99.86 
Fluorapatite 0.16 0.04 0.07 0.29 0.07 0.33 53.70 0.16 0.22 0.00 39.22 6.40 0.11 98.18 
Fluorapatite 0.07 0.00 0.00 0.26 0.04 0.40 53.95 0.16 0.10 0.00 38.89 5.96 0.11 97.48 
McCl 
Fluorapatite 0.00 0.01 0.00 0.17 0.03 0.31 54.14 0.07 0.01 0.00 39.55 5.03 0.09 97.32 
Ulvospinel 0.00 6.52 3.50 77.49 0.56 6.98 0.00 0.00 0.00 0.25 0.02 0.00 0.00 95.34 
Ulvospinel 0.00 6.70 3.54 78.19 0.55 7.43 0.03 0.03 0.00 0.24 0.00 0.00 0.00 96.70 
Ulvospinel 0.09 8.07 2.86 79.28 0.76 4.87 0.01 0.00 0.01 0.22 0.00 0.00 0.00 96.20 
Ulvospinel 0.00 7.53 3.66 77.39 0.65 5.92 0.02 0.00 0.00 0.33 0.00 0.00 0.00 95.50 
Ulvospinel 0.03 7.16 4.08 77.91 0.53 6.30 0.01 0.00 0.00 0.37 0.02 0.00 0.01 96.44 
Ulvospinel 0.01 6.97 4.00 77.77 0.58 5.99 0.01 0.00 0.00 0.42 0.03 0.00 0.00 95.79 
Ulvospinel 0.02 6.95 3.84 72.12 0.61 4.88 3.31 0.00 0.00 0.31 2.68 0.00 0.00 94.79 
Ulvospinel 0.05 8.35 3.50 77.86 0.68 5.80 0.05 0.04 0.00 0.30 0.00 0.00 0.00 96.62 
Fluorapatite 0.00 0.00 0.00 0.25 0.08 0.39 54.32 0.10 0.03 0.00 38.66 5.07 0.17 97.05 
Fluorapatite 0.00 0.01 0.00 0.21 0.03 0.42 53.74 0.20 0.01 0.01 40.01 6.01 0.19 98.44 
Fluorapatite 0.00 0.02 0.00 0.18 0.03 0.41 55.74 0.11 0.00 0.00 40.88 5.55 0.17 100.75 
Fluorapatite 0.00 0.00 0.00 0.20 0.09 0.62 53.38 0.22 0.00 0.00 38.85 5.88 0.17 97.13 
Fluorapatite 0.00 0.00 0.00 0.18 0.01 0.43 54.02 0.16 0.01 0.01 38.70 6.98 0.17 97.74 
Fluorapatite 5.46 0.07 1.83 0.41 0.05 0.80 49.93 0.71 0.89 0.00 36.31 4.99 0.13 99.60 
Upper Speckles 
glass 56.66 1.52 11.78 4.50 0.20 6.57 9.13 3.20 4.29 0.00 0.00 0.18 0.00 98.08 
Ulvospinel 0.06 5.47 4.67 79.03 0.51 4.69 0.11 0.02 0.02 0.69 0.00 0.00 0.01 95.28 
Ulvospinel 9.10 7.00 1.48 74.18 0.62 1.53 1.34 0.38 0.38 0.16 0.94 0.05 0.01 97.16 Beer Bottle 
Pass Ulvospinel 0.18 9.06 1.06 82.18 0.73 1.10 0.35 0.00 0.06 0.14 0.01 0.01 0.00 94.88 
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Chromite 0.06 0.45 17.01 39.09 0.00 9.37 0.01 0.00 0.00 31.76 0.00 0.38 0.00 97.97 
Cr-Ulvospinel 0.02 9.85 6.78 67.27 0.02 7.31 0.00 0.00 0.01 5.31 0.00 0.00 0.00 96.66 
Cr-Ulvospinel 0.09 7.68 2.35 79.14 0.31 3.44 0.05 0.01 0.02 3.06 0.02 0.00 0.00 96.19 
Ilmenite 3.29 21.90 0.98 54.05 3.50 5.26 2.18 0.05 0.02 0.24 0.00 0.00 0.00 91.49 
Fluorapatite 0.49 0.00 0.01 0.46 0.07 0.47 57.16 0.00 0.00 0.00 50.35 4.44 0.21 113.65 
Fluorapatite 0.00 0.00 0.00 0.31 0.05 0.41 54.85 0.08 0.02 0.00 40.48 6.17 0.30 100.11 
Fluorapatite 0.00 0.00 0.01 0.55 0.06 0.35 53.71 0.06 0.00 0.00 39.21 5.21 0.28 97.31 
hb1-1 41.34 3.77 12.27 11.26 0.11 14.16 11.93 2.31 1.31 0.04 0.03 0.41 0.01 98.96 
hb1-2 41.79 3.75 12.32 11.47 0.14 14.06 12.19 2.35 1.30 0.08 0.08 0.36 0.03 99.90 
hb1-3 41.46 3.87 12.31 11.16 0.10 14.18 12.25 2.45 1.33 0.08 0.02 0.35 0.03 99.60 
hb1-4 41.25 3.89 12.17 10.97 0.12 13.76 11.95 2.32 1.27 0.06 0.09 0.34 0.02 98.23 
hb1-5 40.52 4.10 12.23 13.30 0.16 13.62 12.13 2.19 0.62 0.15 0.06 1.11 0.01 100.20 
hb2-1 42.00 3.17 12.92 13.73 0.21 11.90 12.05 2.05 0.22 0.12 0.06 0.28 0.01 98.70 
hb2-2 41.15 3.57 11.91 10.68 0.11 14.03 12.02 2.26 1.35 0.07 0.08 0.51 0.01 97.74 
hb2-3 40.75 3.88 12.24 11.25 0.14 13.51 11.99 2.25 1.39 0.05 0.10 0.63 0.02 98.22 
hb2-4 40.67 4.10 12.30 10.71 0.13 13.81 11.88 2.15 1.53 0.06 0.05 0.50 0.02 97.92 
hb2-5 40.69 4.05 12.10 10.97 0.12 13.52 11.68 2.21 1.52 0.06 0.08 0.52 0.02 97.55 
hb2-6 41.12 3.86 12.14 11.76 0.12 13.26 11.70 2.29 1.42 0.03 0.06 0.36 0.02 98.14 
hb2-7 41.33 2.94 12.36 11.73 0.12 13.97 11.69 2.33 1.20 0.06 0.07 0.54 0.02 98.37 
hb2-8 40.71 4.01 12.21 11.99 0.14 13.31 11.43 2.34 1.39 0.00 0.08 0.29 0.03 97.92 
hb2-9 40.30 4.10 12.65 10.00 0.12 13.79 11.98 2.23 1.48 0.07 0.03 0.10 0.02 96.88 
hb2-10 40.95 3.86 12.56 11.01 0.11 13.40 11.90 2.15 1.43 0.04 0.09 0.60 0.02 98.13 
hbl3-1 41.21 3.48 10.99 11.47 0.12 13.77 11.28 2.11 1.23 0.03 0.04 0.53 0.02 96.10 
hbl3-2 40.86 3.71 12.07 11.03 0.10 13.52 11.12 2.19 1.23 0.05 0.03 0.61 0.01 96.27 
Beer Bottle Pass 
hbl4 40.66 4.03 12.85 10.79 0.12 13.34 11.27 1.98 1.50 0.05 0.06 0.52 0.03 96.97 
Ilmenite 3.33 27.85 1.16 56.78 0.12 3.88 1.71 0.01 0.00 0.79 0.00 0.00 0.00 95.65 
Ilmenite 0.18 21.71 1.60 66.61 0.39 6.26 0.20 0.05 0.01 0.11 0.00 0.00 0.00 97.11 
Ilmenite 1.32 29.46 2.23 55.98 0.36 5.35 0.27 0.08 0.14 0.02 0.06 0.00 0.01 95.28 
Strider 
Ulvospinel 0.21 5.22 2.84 80.77 0.61 5.48 0.05 0.04 0.04 0.10 0.02 0.00 0.00 95.39 
  
306 
Table A6 (Continued): 
Ulvospinel 0.16 6.87 2.96 80.69 0.60 5.80 0.03 0.00 0.01 0.29 0.01 0.00 0.00 97.43 
Ulvospinel 0.31 5.45 2.83 78.89 0.61 4.93 0.06 0.10 0.05 0.10 0.01 0.00 0.01 93.35 
Ulvospinel 0.32 5.90 2.86 81.43 0.59 4.68 0.05 0.02 0.05 0.03 0.02 0.00 0.02 95.97 
Ulvospinel 0.22 4.50 7.10 78.24 0.34 6.04 0.05 0.00 0.02 0.82 0.00 0.00 0.01 97.32 
Fluorapatite 0.56 0.00 0.01 0.42 0.07 0.51 55.26 0.20 0.03 0.01 41.46 5.13 0.36 104.01 
Fluorapatite 0.62 0.02 0.06 0.41 0.04 0.44 55.82 0.23 0.16 0.00 41.63 4.52 0.37 104.32 
Fluorapatite 0.30 0.00 0.01 1.99 0.10 0.52 54.90 0.31 0.03 0.00 41.05 4.77 0.30 104.28 
Fluorapatite 0.39 0.00 0.01 0.22 0.04 0.50 56.01 0.12 0.02 0.01 42.17 5.17 0.27 104.94 
Biotite1 36.77 5.82 14.69 12.51 0.04 15.63 0.05 0.83 8.50 0.01 0.02 1.14 0.06 96.08 
Biotite2 36.72 6.36 15.17 13.43 0.10 15.21 0.06 0.80 8.72 0.00 0.00 0.87 0.05 97.49 
glass? 68.41 0.85 16.56 2.57 0.04 0.61 1.29 4.42 6.44 0.00 0.14 0.06 0.08 101.47 
glass? 70.79 0.92 16.60 2.48 0.04 0.58 1.60 5.03 3.93 0.00 0.15 0.12 0.09 102.34 
glass? 71.85 1.00 15.90 1.44 0.02 0.13 0.50 1.51 4.46 0.00 0.17 0.33 0.14 97.45 
HBL1 40.97 4.11 12.79 11.23 0.10 14.09 11.48 2.51 1.50 0.07 0.07 0.56 0.03 99.50 
HBL2-1 41.34 4.28 12.52 11.46 0.12 14.28 11.31 2.57 1.58 0.03 0.07 0.52 0.04 100.12 
HBL2-2 41.22 4.25 12.37 11.23 0.14 13.91 11.11 2.06 1.59 0.01 0.05 0.50 0.04 98.49 
Strider 
mtx-HBL 55.87 0.41 5.06 9.90 0.40 24.39 2.66 0.98 0.85 0.00 0.10 0.00 0.01 100.64 
Ulvospinel 0.10 12.52 2.15 76.77 0.53 2.58 0.02 0.00 0.00 0.15 0.00 0.00 0.00 94.80 
Ulvospinel 0.08 11.36 2.01 78.57 0.55 1.70 0.13 0.00 0.02 0.09 0.08 0.00 0.00 94.60 
Ulvospinel 1.14 9.12 1.49 78.96 0.37 1.18 0.75 0.05 0.04 0.06 0.24 0.00 0.01 93.40 
Ulvospinel 0.91 12.77 4.06 71.21 0.37 4.07 0.44 0.00 0.06 0.22 0.28 0.00 0.00 94.40 
Ulvospinel 2.93 8.87 3.22 75.13 0.42 2.03 0.86 0.46 0.20 0.12 0.58 0.00 0.01 94.84 
Ulvospinel 0.18 13.50 2.93 74.72 0.54 3.23 0.06 0.00 0.00 0.21 0.00 0.00 0.00 95.38 
Ulvospinel 0.14 16.13 1.01 74.77 0.37 0.85 0.14 0.02 0.03 0.12 0.09 0.00 0.00 93.67 
Ulvospinel 0.14 11.54 2.02 77.39 0.46 1.67 0.36 0.00 0.01 0.12 0.18 0.00 0.00 93.90 
Ilmenite 8.47 22.46 4.28 54.92 0.44 2.42 0.81 1.40 0.82 0.05 0.40 0.18 0.00 96.62 
Ilmenite 1.88 38.61 0.28 52.08 0.65 2.86 0.19 0.00 0.02 0.04 0.10 0.00 0.00 96.72 
Lower Cactus Hill 




Table A6 (Continued): 
Ulvospinel 0.06 13.68 3.21 75.78 0.45 3.83 0.08 0.01 0.01 0.19 0.00 0.00 0.00 97.30 
Ulvospinel 0.11 14.01 2.96 75.91 0.48 4.15 0.03 0.00 0.00 0.17 0.00 0.00 0.00 97.83 
Ulvospinel 0.10 12.95 3.45 76.39 0.38 3.47 0.05 0.00 0.00 0.25 0.01 0.00 0.00 97.07 
Ulvospinel 0.10 12.27 3.04 77.31 0.39 3.59 0.02 0.06 0.01 0.19 0.00 0.00 0.01 97.00 
Ulvospinel 0.08 14.02 2.40 76.32 0.53 3.31 0.01 0.02 0.01 0.15 0.01 0.00 0.01 96.88 
Cr-Ulvospinel 0.07 13.15 2.89 70.39 0.34 3.70 3.31 0.02 0.01 1.31 2.72 0.14 0.02 98.01 
Apatite 2.08 0.00 0.11 1.01 0.08 0.98 50.95 0.11 0.00 0.00 36.12 5.34 0.44 95.07 
Cactus Hill 
Apatite 0.10 0.00 0.02 0.54 0.02 0.39 53.03 0.16 0.00 0.01 37.56 5.32 0.33 95.36 
Ulvospinel 0.08 13.08 2.45 78.35 0.43 2.57 0.00 0.00 0.00 0.31 0.03 0.00 0.00 97.31 
Ulvospinel 0.05 12.14 2.36 79.08 0.42 2.49 0.02 0.02 0.00 0.34 0.00 0.00 0.00 96.93 
Ulvospinel 0.12 12.78 2.29 77.70 0.35 2.84 0.03 0.00 0.00 0.53 0.07 0.00 0.01 96.70 
Ulvospinel 0.06 13.55 1.72 79.96 0.42 1.93 0.02 0.00 0.02 0.19 0.00 0.00 0.00 97.86 
Ulvospinel 0.08 12.28 1.89 79.51 0.40 2.55 0.04 0.05 0.01 0.19 0.00 0.00 0.02 97.03 
Ulvospinel 0.09 11.22 2.09 80.07 0.41 2.45 0.01 0.00 0.01 0.19 0.01 0.00 0.00 96.55 
Ulvospinel 0.08 11.33 2.03 79.88 0.39 2.45 0.02 0.09 0.02 0.11 0.00 0.00 0.00 96.39 
Ulvospinel 0.17 10.69 2.00 78.77 0.37 2.32 0.27 0.01 0.01 0.18 0.14 0.00 0.00 94.94 
Ulvospinel 0.21 12.85 2.24 77.58 0.45 1.98 0.10 0.00 0.03 0.02 0.01 0.02 0.02 95.52 
Cr-rich OX 0.08 5.72 10.46 57.85 0.00 5.75 0.09 0.00 0.02 17.48 0.00 0.00 0.01 97.46 
Ilmenite 0.18 42.86 0.23 48.06 0.49 2.47 1.55 0.00 0.04 0.00 1.21 0.14 0.00 97.20 
Apatite 0.27 0.01 0.04 0.53 0.06 0.31 52.60 0.11 0.01 0.01 37.42 5.26 0.36 94.84 
glass 73.33 0.66 14.14 2.99 0.04 0.40 0.93 1.23 2.38 0.00 0.06 0.16 0.11 96.35 
glass 76.14 0.51 13.78 1.20 0.02 0.12 0.47 1.59 4.00 0.02 0.11 0.23 0.09 98.20 
glass 69.68 0.56 15.49 1.29 0.02 0.12 1.67 4.15 5.04 0.00 0.09 0.13 0.07 98.25 
glass in pl 69.51 0.83 14.24 2.47 0.03 0.33 1.04 3.94 5.93 0.00 0.11 0.34 0.08 98.69 
glass in pl 70.05 0.70 14.52 2.17 0.06 0.41 1.14 4.38 5.28 0.00 0.18 0.10 0.05 98.99 
glass 65.99 0.65 18.64 1.30 0.02 0.11 3.72 4.31 4.67 0.00 0.18 0.19 0.05 99.74 
glass 66.12 0.50 16.91 2.33 0.05 0.72 2.01 5.20 5.06 0.00 0.16 0.00 0.04 99.08 
Cactus Hill Dacite 




Table A6 (Continued): 
Ulvospinel 0.05 13.10 4.91 72.18 0.30 5.34 0.06 0.00 0.00 0.88 0.01 0.00 0.00 96.84 
Cr-Ulvospinel 0.13 19.08 4.85 58.76 0.17 3.52 0.04 0.00 0.00 4.53 0.02 0.00 0.00 91.11 
Cr-Ulvospinel 0.07 14.77 4.33 68.89 0.04 5.55 0.05 0.02 0.01 1.10 0.03 0.00 0.01 94.91 
Ilmenite 0.17 39.40 0.29 46.33 1.11 4.62 0.07 0.02 0.09 0.05 0.01 0.00 0.00 92.17 
Fluorapatite 0.03 0.02 0.01 0.25 0.04 0.46 53.74 0.02 0.00 0.00 39.29 5.85 0.13 97.38 
Fluorapatite 0.00 0.00 0.15 0.33 0.06 0.48 53.69 0.10 0.01 0.00 38.83 5.03 0.12 96.69 
Fluorapatite 0.02 0.00 0.04 0.28 0.07 0.49 54.41 0.07 0.01 0.00 38.94 4.45 0.10 97.05 
Fluorapatite 0.00 0.00 0.01 0.55 0.05 0.48 53.58 0.08 0.00 0.02 37.98 5.87 0.16 96.33 
Fluorapatite 0.00 0.00 0.00 0.24 0.09 0.46 54.60 0.09 0.00 0.00 35.90 4.49 0.09 94.09 
Fluorapatite 0.07 0.01 0.00 0.36 0.05 0.49 54.75 0.04 0.00 0.00 37.71 4.05 0.11 96.00 
Cactus Hill I-15 











Appendix 5: Raw 40Ar/39Ar Data from the Nevada Isotope Geochronology Laboratory 
for Samples from Nevada and Utah (Table A7, A8, A9, A10)  




Table A7: Raw Data for Sample LG27 – Lower Ash-flow tuff from the Lucy Gray Mountains, Nevada 
Johnsen-UNLV, LG 27, Single Crystal Sanidine, J = 0.001711 ± 0.32% 
4 amu discrimination = 1.0614 ± 0.56%, 40/39K = 0.0243 ± 80.90%, 36/37Ca = 0.000239 ± 8.17%, 39/37Ca = 0.000655 ± 3.50% 
                          
Crystal T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 1600 2 0.115 0.038 0.736 54.361 360.704 92.9 0.075783271 6.1862 19.00 0.17 
2 1600 2 0.081 0.037 0.402 29.243 192.275 92.0 0.137171362 6.0124 18.46 0.18 
3 1600 2 0.371 0.049 0.675 46.072 378.431 74.3 0.115302935 6.1266 18.81 0.21 
4 1600 2 0.166 0.057 0.475 33.786 242.933 83.8 0.182905409 6.0114 18.46 0.18 
5 1600 2 0.387 0.052 0.822 56.526 444.602 77.1 0.099732062 6.0955 18.72 0.21 
6 1600 2 0.171 0.057 0.758 53.970 359.372 88.5 0.114499529 5.9135 18.16 0.19 
7 1600 2 0.337 0.048 0.612 41.118 336.422 73.9 0.126558637 6.0644 18.62 0.24 
8 1600 2 0.298 0.039 0.619 42.187 335.506 77.1 0.100222614 6.1482 18.88 0.19 
9 1600 2 0.178 0.046 0.681 48.856 338.429 87.3 0.102075115 6.0598 18.61 0.21 
10 1600 2 0.960 0.055 0.945 58.579 611.079 57.1 0.101788956 5.9993 18.42 0.24 
11 1600 2 0.095 0.053 0.825 61.796 392.486 94.9 0.092981062 6.0516 18.58 0.16 
12 1600 2 0.210 0.049 0.714 51.282 344.366 84.9 0.103588427 5.7133 17.55 0.17 
note: isotope beams in mV rlsd = released, error in age includes J error, all errors 1 sigma   Mean ± s.d. = 18.52 0.36 
(36Ar through 40Ar are measured beam intensities, corrected for decay in age calculations)   Wtd mean age = 18.62 0.08 
                    (11 fusions)     




Table A8: Raw Data for Sample LG58 – Upper Ash-flow tuff from the Lucy Gray Mountains, Nevada 
Johnsen-UNLV, LG 58, Single Crystal Sanidine, J = 0.001706 ± 0.44% 
4 amu discrimination = 1.0527 ± 0.41%, 40/39K = 0.0243 ± 80.90%, 36/37Ca = 0.000239 ± 8.17%, 39/37Ca = 0.000655 ± 3.50% 
                          
Crystal T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 1600 2 0.200 0.092 1.352 98.213 536.426 90.4 0.106092727 4.9658 15.22 0.13 
2 1600 2 0.308 0.075 0.820 55.084 352.787 77.0 0.154208255 4.9438 15.15 0.13 
3 1600 2 0.228 0.062 0.816 56.891 346.987 83.1 0.123428858 5.0814 15.57 0.13 
4 1600 2 0.433 0.071 0.992 66.260 445.424 73.8 0.121359921 4.9844 15.28 0.14 
5 1600 2 0.433 0.008 1.151 78.871 507.519 77.0 0.011487603 4.9802 15.26 0.13 
6 1600 2 0.283 0.089 1.328 98.136 600.131 87.5 0.102713626 5.3863 16.50 0.16 
7 1600 2 0.237 0.119 0.728 51.309 312.077 80.4 0.262685844 4.9025 15.03 0.16 
8 1600 2 0.595 0.101 1.456 98.858 653.492 75.1 0.115711714 4.9972 15.32 0.15 
9 1600 2 0.681 0.124 0.907 57.288 453.332 58.9 0.245154255 4.6824 14.35 0.19 
10 1600 2 0.900 0.258 1.244 81.640 667.857 62.9 0.35793981 5.1798 15.87 0.18 
11 1600 2 0.283 0.078 0.761 52.104 328.578 77.4 0.169549684 4.8947 15.00 0.13 
12 1600 2 0.346 0.065 0.706 46.477 319.540 71.2 0.158397215 4.9078 15.04 0.14 
13 1600 2 0.118 0.077 1.042 77.360 411.429 93.2 0.112730576 4.9772 15.25 0.12 
14 1600 2 0.342 0.084 1.056 74.052 456.331 80.0 0.128472925 4.9556 15.19 0.13 
15 1600 2 0.217 0.088 1.202 87.214 486.302 88.5 0.114278384 4.9585 15.20 0.13 
note: isotope beams in mV rlsd = released, error in age includes J error, all errors 1 sigma   Mean ± s.d. = 15.28 0.45 
(36Ar through 40Ar are measured beam intensities, corrected for decay in age calculations)   Wtd mean age = 15.21 0.05 
                    (12 fusions)     






Table A9: Raw Data for Sample BR271 – Cudahy Mine Ash-Flow Tuff, Black Rock Desert, Utah 
Johnsen-UNLV, br 271, Single Crystal Sanidine, J = 0.001710 ± 0.34% 
4 amu discrimination = 1.0614 ± 0.56%, 40/39K = 0.0243 ± 80.90%, 36/37Ca = 0.000239 ± 8.17%, 39/37Ca = 0.000655 ± 3.50% 
                          
Crystal T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 1600 2 0.536 0.048 1.114 75.181 199.689 26.6 0.061544525 0.7055 2.18 0.08 
2 1600 2 0.097 0.030 0.447 32.391 46.436 51.1 0.089280396 0.6986 2.15 0.14 
3 1600 2 0.063 0.026 0.991 73.765 72.875 81.6 0.033976323 0.7863 2.42 0.07 
4 1600 2 0.049 0.021 0.503 36.678 36.769 76.2 0.055191127 0.7155 2.21 0.11 
5 1600 2 0.045 0.036 0.968 72.937 64.694 87.4 0.047578355 0.7519 2.32 0.07 
6 1600 2 0.047 0.030 0.779 57.557 52.544 83.9 0.050243305 0.7350 2.27 0.07 
7 1600 2 0.038 0.031 0.883 65.414 58.625 89.8 0.045682052 0.7769 2.40 0.07 
8 1600 2 0.039 0.030 0.459 33.425 33.161 82.8 0.086518455 0.7636 2.35 0.10 
9 1600 2 0.069 0.023 0.420 30.729 38.256 61.9 0.072150079 0.7243 2.23 0.10 
10 1600 2 0.054 0.036 0.809 60.425 56.881 81.5 0.057430381 0.7395 2.28 0.07 
11 1600 2 0.037 0.005 0.518 38.781 37.043 85.8 0.012428025 0.7691 2.37 0.08 
12 1600 2 0.043 0.024 0.711 53.352 49.747 85.5 0.043362559 0.7629 2.35 0.08 
note: isotope beams in mV rlsd = released, error in age includes J error, all errors 1 sigma   Mean ± s.d. = 2.29 0.09 
(36Ar through 40Ar are measured beam intensities, corrected for decay in age calculations)   Wtd mean age = 2.31 0.02 
                    (12 fusions)     






Table A10: Raw Data for Sample BR342 – Coyote Hills Rhyolite, Black Rock Desert, Utah 
Johnsen-UNLV, br 342, Single Crystal Sanidine, J = 0.001709 ± 0.33% 
4 amu discrimination = 1.0614 ± 0.56%, 40/39K = 0.0243 ± 80.90%, 36/37Ca = 0.000239 ± 8.17%, 39/37Ca = 0.000655 ± 3.50% 
                          
Crystal T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 1600 2 0.057 0.035 0.085 4.881 12.595 46.9 0.684146447 0.9378 2.89 0.45 
2 1600 2 0.071 0.034 0.134 8.649 19.407 44.6 0.375033701 0.8595 2.65 0.19 
3 1600 2 0.057 0.032 0.115 7.451 13.585 51.2 0.409728662 0.7393 2.28 0.17 
4 1600 2 0.040 0.014 0.054 3.831 8.722 93.1 0.348634514 1.4168 4.36 0.29 
5 1600 2 0.058 0.028 0.094 6.192 11.800 38.4 0.43141009 0.5552 1.71 0.21 
6 1600 2 0.056 0.032 0.089 5.358 11.382 42.3 0.569803435 0.6737 2.08 0.26 
7 1600 2 0.041 0.020 0.054 3.038 7.184 91.4 0.628096192 1.2848 3.96 0.45 
8 1600 2 0.042 0.024 0.062 3.620 7.816 80.9 0.632538659 1.0976 3.38 0.31 
9 1600 2 0.046 0.031 0.102 5.782 9.178 66.5 0.511511332 0.7241 2.23 0.22 
10 1600 2 0.057 0.041 0.127 8.375 11.778 41.2 0.467052833 0.4390 1.35 0.17 
11 1600 2 0.051 0.034 0.132 8.515 13.773 67.3 0.380936127 0.8660 2.67 0.14 
12 1600 2 0.052 0.026 0.060 3.214 9.056 39.2 0.771838703 0.7526 2.32 0.46 
13 1600 2 0.030 0.025 0.031 1.793 5.042 45.2 1.330508459 0.6773 2.09 0.26 
14 1600 2 0.032 0.024 0.043 2.535 5.548 35.7 0.903329524 0.4494 1.39 0.25 
note: isotope beams in mV rlsd = released, error in age includes J error, all errors 1 sigma   Mean ± s.d. = 2.52 0.86 
(36Ar through 40Ar are measured beam intensities, corrected for decay in age calculations)   Wtd mean age = 2.43 0.11 
                    (8 fusions)     
                    Isochron age = 2.33 0.35 
                    (8 fusions)     
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Figure A3: Cumulative Probability Diagram for LG27 
 
 
Figure A4: Cumulative Probability Diagram for LG58 
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Figure A5: Cumulative Probability Diagram for BR271 
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Figure A6a: Cumulative Probability Diagram for BR342 
 
 
Figure A6b: Inverse Isochron for BR342 
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